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anucr 
A ,iyata that uu ~ zuoe Z8 nicrOJl"ot!lhOf' tu bl.at. clln.toJOd tor 
dlglthuauon or vatog olpun v1tb U'io e1pibllU.J ot .at.or1c.o or I.ho 
d.lgl t.bcad dA "* ,la • rocord1n& aod1U111 ror r w uut~ Am.I y&lla. 
tho aotivaUon tor uio dlvolop;ont or U.o ay otoa 1u11 to hHo cue• 
pori•cntal uaauru:onta or parmot.oro ut0ru1 to ducr.Uio tbo aotion.a 
or an induntr1al robOt., to ooaparo tho• aotwt.l Dtaaurmont.a vith t.bo 
ronul ta given by a computer atculatton ot tho robOt t.bat 1.a bo1ng 
OArriod out. 
The £actors that have boon oonsiderod import.ant. in tho ayatm 
developmont are: acoW"aoy, apood or oonvera1ona, dA t.a ror11at. 1 aaaa 
storage capabilities and user interaction. The ayatem 1a able to 
acquire data at a rate or 37 data points per second, uaing a da t.a 
aoquiai tion program written in BASIC. The data are temporarily saved 
in system random access memory ror subsequent tranater to tape using a 
data storage BASIC program. The data are stored with an I8 format, 8 
data points per line, which makes a convenient format for loading the 
data 1 n a mainframe computer for analysis. User interaction with the 
system is achieved through a CRT terminal with BASIC commands. 
The parameters to be determined were aooelerations, velocities and 
displacements of the robot's end effector, and torques being applied 
to its joint servomotors. To obtain measurements of acceleration, 
three accelerometers were mounted on the robot• s end effector and 
their analog output was digitized and recorded using the developed 
system. The data were then loaded to the Cyber 730 computer and double 
tot.ograUon wu portoraod to obtun
 a.iv ,AlooUy w dl•Plaotatct.
 
SJaUll'lJ, Dl#ll"•onta or Ulo to
ltapa btJ.q app11od to ti.to Join
c 
aonomot.or• voro una, fNG
 wbioJa ON oaa. olloulato Ulo 
icrquo tu 
Ulo• aotara uatna & rolaUoftlb.ip dno
lopad la tb11 vcrt. 
Tho amlyato or tbe ••rmnt&l mu1rm
o11t1 lbowod good av .. ont 
vitb tho .-a1aa1 ouua tlon bo1ng 
atud1oct. 
Tho dowolopod a.rat• 11 oaa., 
to WN and ahollld be • ,.,., YA
lablo 
tool to otudy Jlheno11em whoa dyn
aaio bobav.tor dooa not roqu.lro 
tbo 
acquiaition ot data vith ap
ood higbar than 25 auuoacond.a ro
r data 
point, although vith certain a
oditioatlona tbo data aoqw.aitJ.o
n apood 
could be algnitioantly improv
ed. 
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1.1 llokpowad 
alAffll 1 
DDCDICrJOI 
S1ooo Uto put dooado, rapid
 advacaoa boo boon 11uada in tb
o 11oibodl 
and oquipaent tor data acqu
llitton 1ppl1oatlona, aalnly d
uo to tbo 
quiok dovolop::aont or digital 
and 1atogratod-oiroul.t toobao
loo, wh1ab 
baa aade available now teobni
quius and vor, aoJ'JhlaUOI tod a
nd raliablo 
compomnta and ayateaa[ 1]. 
Data aoqu1a1tion tor m.gnal 
analyala aake uao or coaputo
ra ror tho 
processing ot information. Th
ia reqUirea a pravioua colleo
tion or data 
upon which the oomputer will 
act. To acquire thia roqUired
 1nroraaat1on 
it ia necessary to connect some
 measuring device to the ob
ject being 
studied so that the pbyaio
al variables may be determine
d. Thia raeana 
that special equipment may 
be needed to convert the o
utput or the 
measuring devices into a 
form suitable tor computer
 prooeaaing, 
Furthermore, if the physica
l variables being meaaured ar
e functions or 
time, as is usually the ca
se, and if they change veey
 rapidly with 
time, the data collection pr
ocess needs to be highly autc
mated for the 
data acquisition equipnent t
o match the inf'ormation sour
ce in speed. 
The recent emphasis on t
he microprocessor in re
lation to 
"intelligent" techniques of
 data acquisition has conaid
erably widened 
the available choices in sys
tems design and data analy
sis[ 1 J. This 
particular work is about t
he use of a microprocessor-b
ased system in 
data acquisition for signal 
analysis. 
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1.2 PNlal• a\alal.d 
.A ooaputor alaulotion 1• botna o&rl"1od ovt ot a alx do1roo ot 
tro,doa, alx rwoluto J.nduatrial robot, tho PUMA 560, to 01Umto 
d)'nuic varJ.nblu ouab u acoolor1t1oc, YOloo.ity, cl1opl1ooaont, J.nor-
tia ot tbo aovJ,q: P1rta, blood upon a a1U1•1U.oal 11.0dol that. hu boon 
prcwtoualy dowolopod. 
Tho pron nt tbot.d. a bu tho purpo• ot dovolopl.ng a ayat• oapa blo 
ot aeaauriq actual aooolorationa on tho robot arc: :ind to have the 
data in a aw.tabla tore ror turtbor aanJ.pUlat1on uain.g a digital 
0011puter. lfuae.rical 1ntograt.ion or tbo aocoleratt.on data vould be 
porf'oraed to obtain velocity and diaplaouent, 111th tho purpoae ot 
comparison between the reaulta of the oJ.mulation and thoae obtained 
fran the actual meaaW"<aenta. 
Since the computer simulation program uaea torquo vs. time func-
tiona tor each robot joint .motor as input, a measurment or the actual 
torques being developed on thoee motors ia also required. 
1.3 Problm approach 
There was more than one alternative, of course, for dOing the colleot-
ing and recording of data tor analysis. The use of an analog plotter 
would have been one of them, if one would have been patient enough to 
take manually the data out from the hard-oopy, teed them, also 
manually in a computer, using a terminal or punched cards, to finally 
begin with whatever analysis had to be done. 
4 
'Dto AJJrOidl ... far lhi• Merit vu t.o 11,1111) A Mlco to di&IUAO Ibo 
1.m101 oipal, to bno •n out put tn A torn au1 tilblo tor ooap11tor 
tatortaw, IWlolJ nui1e11•.tcal di.ti, ud at tho lllilDO Ua cap&blo to bi 
rooordtd 1ft an olMtronlo rooordina aodla tot' turUlor UH oc up1l. 
am1,a1-. 
For purpo• or coaptrlaon, tbroo aocoloroaotora noodod to bo 
oountod on t.bo ond orrootor or tbo robot, u abovn ln tJsar• 1.1, 
oaoh om in tho cllrocuon or a cartoaiu ooardlna to ado. Aleo, atnco 
1t vaa ot intoroat to oatiaato tho torquoa boiag dovelor.od by tho 
aotora in tbo Jointa or tbo robot, ac:ao kind or aipal proportlollll to 
tbat torque va1 noodod. Tborotoro voltagoa bad to bo takon out trca 
tho robot controller. 
Tho analog signal produced by tho o.ooelormetora wu rod, atter 
aoae kind of til taring and a poatarior1 butrering, to a 
microproceaaor-based analog to digital oonvertet. 1bo digital m.gnal 
waa then preaoaled according with the analog to digital oorwerter gain 
and posteriorly waa tormat.ed to have a card-image set or data (IS 
format, 8 fields per line), for 1 ts later storage in a recording 
med! um tor further use. An electronic tape recorder was used in this 
case. 
To select the equipment for doing the digitization, two alterna-
tives were considered. Due to its immediate availability, lower price, 
and convenience to interface a microprocessor-controlled tape recorder 
that was already available when the project began, a MICROMINT ZS 
5 
WRIST 
ACCEl.:EROJ,j(E T ERS 
Fig. 1.1 Mounting of the ac~elerometers on the 
PUMA 560 robot. 
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Bao1c Srctoa/Coctrollor atcrOOC>Dput.or a.mt lnlloa c.o D.lglt.11 Coa,ort.or 
Doilrd VUO DOlfftod. 
S111:u11a.rbiag, tho p-ooodura CIiio bo otA\Od a1 .rouwu : 
U) Tbroo aacolaraaotora voro aountad on tho robot.• a ond or roe• 
tor, oach or thm Al org a coorcU r.a to ax.lo. 
( 11) An olootronlc a1gnal waa taken out tras tho robOt cont.rol.lor, 
~oportloml to tho torqua on tho 11otora on each Joint. 
CiU) Tho robot Dl'II waa moved to oxa1to tho tranaduoara and al-
eotronio analog signal.a vero obtained. 
(iv) The signals were conditionad to tilter out excesaS.ve noiae. 
(v) The signals were converted into a eet or data aw.table tor 
immediate uae in a computer. 
(vi) A recording device was used to save the data tor further 
analysis. 
1. 4 Organization or tbeaia 
To provide the reader with a thorough understanding of the de-
veloped system and its operation, this thesis has been divided in
to 
five parts. The next chapter explains the system cont' iguration, 
the 
selection of its different components, the hardware of the main co
m-
ponents of the system, namely the Analog to Digital (A/D) CoJ111erter 
board and the driving minicomputer (CPU), and the software used to 
program the system. Chapter 3 explains the operation of the syste
m, 
fran the data generation, transfer and storage to the data retriev
al 
for analysis. Chapter 4 focuses on £he analysis of the data acquire
d. 
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Qoptor 5 r,rotldO• oonolulou and rocoonor.datloma tot t1rtbor uoo or 
Uto 111toa. 
It- ia bop1d tb1t vUb Uao dioouAlon or tho bardvaro and aort.voro 
ot t.bo UD comortAtr tioaNI and CAJ, and tho doacription or tbo ovorall 
operation or tho oy1tu. t.bio thooia v111 aor,o •• voll •• an 
op1rator•1 u.nllll tor Ula dDYoloped data aoquialtlon ayate. 
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In tb1o dUlJl!l,or tbo pmr-11 byout ct uio au 1.oqui.1:it.lon a,ot.om 
ta ,,.opoood, and tbo oolocc.ioa or 010b ooo or U.1 co•poaonta 1
a 
oocoaplh.bod. Tho bardvaro 11nd aotLv1ro or tbo ArAlog t.o D
l1,lttl 
Comorwr And dr,bin& CAI oro Lhon oxplalnod vtth onough dotaU 
to 
covor t.bo 91at.••• tcaturo.a uood to,o UU.a 11ppl.JC1Uon. 
2.1 S,at,• oont:Spratl.on 
Thi.a aocUon doala vith t.bo aoloction or tho dittoront. ayatu 
coaponenta and olaritica tion or tho runct1on or oach or tbaa wit
hin 
tho operation or tho syatoa. 
2.1.1 Oemral layout 
To accomplish tho taak being pl.D"aUDd, tho following componen
ts wore 
needed : 
(1) Aoceleraaetera. 
(11) Filter. 
(111) Buffers. 
(iv) Analog to Digital Converter Board. 
(v) CPU and memory. 
(vi) CRT terminal. 
(vii) Tape recorder. 
(viii) Power supply. 
The general layout of the system is shown in figure 2.1. 
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ROBOT 
CONTROLLER 
TAP! ~ECORDER 
Fig. 2.1 
PUMA 
560 
/
ACCELEROM ETERS 
FILTER 
CRT 
s TERMINA 
ystem confi L 10 guration. 
2.1.2 CO.poD11ia .. 1eot1on 
OMO bntna A thoroU£b. undorotancun, or tho oqui.paocc. tbat van 
Modod t.o ,1ocoapl:tat1 lho obJoou,o bolng purauad, l.bo noxt atop vno to 
Mloot. ••ch olcaant or tho .a,a.tm. Vblt toUoua 1• 1 d11owsa.ton about 
t.bo aapoota t.bat voro con.aldorad 1n do1n& t.bo aoloot1on. 
2.1.2.1 Aoaelercaetera aoleot1oa 
Tho aoat 1aportant i:eraaotor to be conaldorad in tho aolocUon or 
tho aoooloromatera vaa tho rango or aocolarat.1ons that. bad to bl 
anaw-od, eo at loaat a roush initial oatiuto or it wan naaclod. 
Tho maxi.am tool aoc.-oleration in tho fUl'.A robot, with 11axi11t11 load, 
iD 1 g. (9.8111/aeo2)[2]. A value or 1.5 s waa oonaidered aa an average 
val uo tor tho range or accelerations or tho robot to bound the search 
or the right kind ot accelerometer needed. For on accelerometer to be 
able to 11eaaure acoelorations in this rather lov range, it baa to have 
a fairly high sensitivity. 
Having this insight about the range or accelerations for which the 
accelerometers had to be sw.table, other factors were considered to 
select one among the several possible choices round in manufacturer's 
catalogs. 
Table 2.1 contains a list or candidates, all manufactured by 
PCB[3], which are accelerometers with high sens! tivity. 
Considering its best sensitivity and resolution as well as its 
approi:riate dimensions and relatively light weight, accelerometer type 
308002 was selected. 
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T.IBLI 2.1 
lCCZLIRCltl!IIS aulAC'fllJJTICI 
Hodol N111bor 302!!03 3088 3088)3 308002 393C 
Sonaltiv.t.ty - 1rvolt/g 300 100 50 1000 1000 
Reaolution • I 0.0050 0.0020 o.oo,o 0.0005 
I 
0.000036. 
Frequanay Range (..sj) - Hz 1 to 5000 1 to 3000 1 to 3000 1 to 3000 .025 to 800 
-
Range (tor +5V output)- -ti 16 so 100 2.50 2.50 
- -
... 
Output Impedance - ohms (100 (100 (100 (100 (100 
N 
Linearity ... J Full smle 1 1 1 1 1 
Weight - grams 25 81 55 81 1000 
Size (Hex. X Height) - in. 5/ 8x1.5 3/llx1.5 3/ llx1.5 3/4x1.3 2.2sx2.16 
Connector top side aide aide aide 
Power Unit Type DK484B K48)B K48>B K400B K400B 
Aooeleraneter price - dollars 375 250 250 375 400 
System Kit Price - dollars 635 375 375 500 605 
• g rms. 
To oouai "• tbroo 1acel.orOJ1otor• illoo., lb• U.roo coordlN
" 
oxt a, a trlutAl IIOUr..iftl adlpi.or vu &PJO.ltlod 11 vol 1. 
Do 0011, or A DJ at.• kH,, vlt.b • blf.tAtJ povor wit\,
 ooupU.q 
oabl••· tad OM IONlONllll&.or vu t 500.oo. tbo CO.It ot tb
o trlwil 
&OUAUn& adlpt.ar vu I 50.oo. .so, Ibo co-. fl Uso u,,... acotlo
raatt.or• 
and aountlng adapt.or added up Lo • 1,SSO.oo • 
2.1.2.2 ruw ..ieot1oa 
Onco h1Y1fla tbo aocoloroaot.or1 it. vaa necoaur, t.o in
Ytatlpto 
qualit.attvoly tbo1r out.put aipa.l t.o dlteratno vhot.ber
 t1l t.orlag vaa 
nooeaary or not.. 
One or tho acceleraaetora vaa aounted on tbo vrlat or tho
 robot and 
it vu rwi at aevoral apoeda uaing a progr• edited vith
 YAL(12]. The 
out.put was recorded on tho screen ot an oaoilloaoopo. 
Tbe resolution or the aocelerc:aeter vu good enough to de
 teat the 
aocelorationa produced during tbe &I'll mov•ent. How
ever, the signal 
waa contaminated with noiae with a 1/JJ aignal-to-noiae 
ratio and with 
higher frequency than the signal. It the bandwidth ot 
the noise would 
have been identical with the signal spectrum, it w
ould have been 
impossible to discriminate between the two. Fortun
ately , the high-
frequency nature of the noise permitted the use of a 
low pass r il ter 
to condition the signal properly. 
A KHRON-HITE filter model 3200 with a bigb-i:ass and lo
w-iass cutoff 
frequencies continuously adjustable fran 20 Hz to 2 Mfz in five band
s 
was specified (cost $ 69).oo). 
The attenuation characteristics of the filter are sh
own in figure 
2.2 (7]. 
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Fig. 2.2 Attenuation characteristics of t
he filter. 
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Ftoa tbo rJpro it 11 ooon t.ba1. t.bo tiltor hu 1n aitoomuon .r&to 
or 2, db por ocmo (I» db por dtClldo) at apprm•totr tvo t11101 tho 
cu,otr troq\iODQJ tor Butt.on,ortb oodo ot oporaUon. 
VUb Ulu tll to-r a • Uataotory signal vaa obtained, v1th good 
obuaotorbtio.a to bo d1gttb.od. It wu aeon t.bat a relattvoly lcw 
troqmna, ot N-ld.11181 vould be roqu1Nd to Scoop an aoourato tract or
 
tbo aooaloratlon signal. 
2.1.2.3 Aml.0& to DigUal Comertcu- Boll'd aDd CIV aeleotion 
To d.1g1U&o tbo analog aignala coaing tram the accoleroaotora and 
robot controller, tho following baaJ.Q aystaa oocpononta were neoclod : 
(i) Analog to digital converter to auple tho analog signal and 
tranaf'or11 it in a digital output. 
(11) RS-2320 interface circuit, made up basically rraa a universal 
asynchronous receiver transaiter (UART) and RS-232 drivers. 
Thia is to have the posai bility or aerial communication, 
essential for the purpose or dumping the data to a tape 
recorder. 
{iii) Microprocessor (CAJ) to drive the analog to digital converter 
and serial interface. 
A possible configuration or the Analog to Digital Converter board 
is shown in figure 2.3. This is an interface board that allows 
to 
couple an analog input signal, for purpose or digitization, to som
e 
minicomputer system such as the Radio Shack TRS-80 or the SD Z
BO 
Starter System. This interface board can be built on a VECTOR 800
0V 
wirewrap board. This is an S-100 bus compatible board and it can 
be. 
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Fig. 2.3 Schematic diag~am of interface board.(a) Bus 
interface and decoding circuitry. (b) Analog 
to digital converter.(c) Serial input-output 
port. 
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i• tb) 
Fig. 2.3, continued. 
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lnoortod en roo1.1, tn1,.o tho SUrt4r S11t•• ~ HU
H lhtotroa.to, TIS-flD 
to S-100 adlplor, or u, S-100 bua c:.oapttt.or( •J. 
Tbt oo• ot UJo oloctronlo oaapo111au AM ,,1,. wrap bou•.s coldld to 
build Ulo IIOard vould bne boen around I 330.
oo, buf.lft& ••ch OCNIJIODIH& 
MparatalJ on looal oleo~ronlc atoro,. Tb
• zao St.utAr Syat.• 11 • 
ainglo bOArd alnlooaput.or (about 030. oo l n k.1 t. toraJ
, vl tb all Ule 
c1rcuJ.trr out in t.ha open. lt bu an on-board 
IPICJf progr..,.r so that. 
one can extend, aodtty or oven roplaoe H,a 
buU t-J.n ZBOO aom t.or 
prograa tr doaired. Its ••Jor dJ.aadvantage 1
a that it, can onlJ bl 
prosrlllJNd aanmlly in aacbtne l•nau•s•, and thie aode or 
operation 
becomes rather tedious and U•• aonaua.tng 
tor all but tbe aiapleat 
progrua. Alao, thero 1a no bu.U t-in aerial p
ort 11hore om can hook up 
a CRT terminal, although auab port oould 
be eaa.t.ly addld [4]. 
The Radio Shack TRS-!> was an alternative aini
ooaputer to uae. It 
ta a more expensive and sophisticated comp
uter than the Z80 Starter 
System. 1bia machine runs prograas in B~IC an
d can be programed alao 
in machine language by using a moni tar progr
am which is loaded in tram 
a cassette recorder. It has also a built-in C
HT display. The coat of 
this machine is $ 600. oo for a model I with 
level II BASIC and 24 K 
bytes of memory. To interface it to the pro
posed A/D board, an HUH 
Electronics mini 8100 TRS-a1 to S-100 bus ad
aptor (about $93.oo in kit 
form) should have been also needed [JI]. 
Both or the above computers are based on the 
Z80 microprocessor. 
Exploring other possibilities, a r~erenoe ab
out an already built 
system was found that resulted to be appr
opriate for the purpose of 
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Uli• thOA11 (5,6J. 'Ibo 171tc 11 a Z8 a,at• C'oatrollo .. Ind ilft Aulo1 
to 11,slt&l Co1Wortor Dolrd aanuraat.urod bJ HICICIUIT. 
tbo za llaio srat• Controllor 10 • •• by ,.,• 18 a1cirosic-oooot0r-
b1Nd aJnlooaputor bolrd that inoludoa a tln, BASIC 1n~r,rotor, up t
o 
6l bytaa or UH and IPIUlf, ono RS-232C aor1al port vUb ovitcb
ablo 
baud ratoa, and two para.llol porto. BASIC or aaobino laquag
o 
progr•aJna a.n bo aoooapliabocl bf coonootlng a car torainll (6). 
Tbe ZS Baaio .Analog to Di&J.t&l Coavorter board oan aonf..tar up 
to 
ei&bt analog aignala in ono or tvo ranges : o to +1 o Volta, and -5 t
o 
+S Vol ta. Eaob 'oh,nnol bu 8 bit reaolution. 1be 8 input elgnal
a aro 
constantly aaapled and preaented to the ainicoaputor on request.
 The 
eight obannela are retreahed every 6110 llioroeaaonda, 11'0\fiding 
over 
1 ,ooo aonveraiona per channel per aecond[6]. The board 1a auory 
mapped, therefore tbe Z8 controller board oan aooeas it euily
 with 
BASIC or assembler language programs, as will be shown later in 
chap• 
ter 3, 
'lbe oost ot the two boards plus a power supply and a mother boa
rd 
(a set or interoonnected edge-card connectors) was $ 378, oo. 
This system being good enough for the present applies ti.on, and mu
ch 
more inexpensive and readily available than the other alternative
s, it 
was decided to use it to do the job. 
2.1.2.4 Cassette reoorder selection 
Although the hardware and software features of the Z8 Basic Sy
stem 
Controller will be extensively oovered later in this chapter, 
some of 
its operational characteristics have to be considered at this 
stage to 
decide about the kind of tape recorder that had to be used. 
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,,.Oll"UO AN dAt.l lll'O ..... _ Alld rM01tod bJ uo %8 Iulo s, •• 
Cont.roUor in ASCll-oodod tarut. llhll• Ibo Z8 S,1toa Coatrollor con 
bo oo t tot' olUuar won or odd parit.J, tbo a1crOJl'OCO•DOr mod b.F Ud..1 
aJ.nlooaputor <• ZU.CXJ 18671) .la srooot. tOf' a data blt•• no paritJ and 
tvo atop bito. Rooe1••d dAta auat &lwa,a bao 8 di.ta bUo, at lout 
ODD atop bit, ud ao rarity. Tbo ZS Syatu Coatrollor can aond and 
rno.1•• oorialJ on oithor om or oJ.gtat data ratoa, tho alowoat at 110 
bpa and tbo taatoat a.t 19,200 bpa. 1bo a,at• vcrkn vith a Full Du
plox 
ocbobilok control( 8). 
Conaldar1ng tbia C011IIUD1cat1on raquinaont.a. it vaa detenainod that 
a TBCHTRAH 817 l>ataoaa•tte that waa already available vbon the proj-
aat began vaa appro&riate to be uaed tor recording tbo digitized data. 
The 817 Dataoaaaette ia a caaaotte recorder designed tor atcr1J:lg, 
editing, sending and receivJng ASCII-coded data .. It has fundamenta
l 
teaturea for storage and readbaak or data at alow and medi\11 speeds
. 
lta baud rate ranges trm 110 bpa to 21100 bps. It is a microp-ooeasor
-
oontrolled operations device and baa software stored in residen
t 
memory requiring no operator loading or driving programa[9]. Its 
ael eota bil i ty of parity mode (ODD/EV EN), parity control 
(ENABLE/DISABLE}, baud rate, eobobaok ( HALF/FULL duplex), made this 
device suitable to interface the Z8 System Controller and was rea
dily 
chosen for this work. 
2.1.2.5 Butters apeoit1oation 
In figure 2.1 it is seen that buffering has been used to isolate
 
the sources of the analog signals fran the A/D Converter board. T
his 
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£• ,rJ.a1.r11, -~UH or 111. MID{i'lUWtt.r t.ow
•a UOot dpJ:o #fid 
tao uootroclo COJ1,or.on1.1 or Uto toAN. 
Dao wtr.rllt,I olNUlh 10ll tato-rc»ftlltlo
tiou bot.vHD tho NUrooo and 
uao uo Coar.-tor bard vill bt cllaeu
utd ln oowJ Ja dl1ptor 3. 
2.1.2.6 ,. .. -,plJ 
1ho za BuLo Syotm CoatroUor povor aup
ply NqU11W1oato a.ro : 
~5 Vol ta +5S f 250 DA. 
-
•12 fol t.t +SJ I 30 aA.. 
-
•12 Volt.a +SJ t JO &A. 
-
b it vu aontJ.onod in •ctJon 2.1.2.3,
 a pover aupply VH acqu.lrod 
together vith tho ayatoa to ooet thia po
wOI" roqulrmonta. 
For tho operation or tbo oporatJ.onal M
pUtiera u.sod tor the butt-
era, !12 Volta and 20 aA are needed. 
To provide tbia pover a HWLITr-
PACKARD PS/2119 power aupply waa uaed. 
2.2 Aallog 1'o Digital Converter S7at• ha
rdware 
To &rovide tho user or the system wi
tb a thorough understanding or 
its operation. it bas been conaido
rod necessary to include this aeo-
tion that deals with the description
 of the hardware of the Analog to 
Digital Converter System, that is
, the AID Converter board and the 
driving ZS Basic System Controller. 
2.2.1 1he Z8 Basio System Controller
 
In this section only the hardware c
haraoteristios of the Z8 Basia 
System Controller that have been rel
evant to this work are covered. 
For more complete information ab
out the hardware features ot this 
minicomputer, the user can see refer
ences 8,9, 10. 
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a.1.1.1 tNul.S. IJllolttauou tll 
1NM:oacor ........... zuo, ZN7
1 8-blt atCNCODJUAV' td.Ut UH. lo«
 
ltd I/0 in A #lnglo 1111clflt
o. lcol udo• • 1£ 
Uny IASIC/1)1800 rut-dint tn~r,ro
tor Jc lctt, 
1U btto• or IAH_. And 12 uo U
noa. S7•t• 
MID.I At 7.3728 IGt& cloak rate
. 1.5 DJcrOOIIC 
lutruction tlDt. 6 .l.nt4rnt~&
 
Haaory ............. tvo on-bolr
d ooomta auov uao ot' •r RAH
, 6r 
ROH or 2r IAH ilftd ., ROH. Sup
poru 2016 t)'po 
RAH•• and a1nglo SV oupply 
2716 and 27 32 
EPROHa; 2r B~IC/DUUIJ IQf buoc
t tntorproterJ 
cmory •norNLUy oxpandlblo 
to 621 bytoa or 
JroSI"• amory ud 6•£ b)'toa or dl
ta DODOf1'. 
Input/Output • • • • • • • Sori&l 
Port : RS-232C ooapa t1ble a
nd avltdt 
11.lootablo to 110, 150, 300, 1
200, 2'00, ,mo, 
9600, 19200 bpa. 
ParAllol I/0 : 2 parallel po
rta: om dodicatod 
input and ono bi t-prograaaa
blo aa in.Pu~ or 
output. Progrm:cablo int.orru
pt and band.lahaldna 
linoa; all ld.gnal aro LS11L 
ooapa Uble. 
External 1/0 ••••••• 16 bit a
ddroaa and 8 b.tt bidiraotio
aal data 
bus brought out to expansion 
connoctor. 
BASIC Commands ••••• GOTO, 
001, (USR), OOSUBt IP TffSH, DffUT
, LET, 
LIST, fftll I REH, RB'lURH, IIJff, 
STOP, IH, PRIHT 1 
PRDfT HEX. 
Integer arithmetic : +, ... , ,•,AH». 
BASIC oan call machine lang
uage subroutines 
tor increased execution speed
; allows complete 
memory and register inte
rrogation and 
moditioa.tion. 
Power Supply ••••••• +5 Vo
lts +5J@ 250 mA. 
Requirements +12 V
olts +30J @ 30 mA. 
-12 Volts +30% e 30 mA. 
(The 12 volt supplies are only
 required for 
RS-232C operation). 
Dimensions and ••••• 4" by ~.
5n board, dual 22 pin (.156•) edge 
Connections connec
tor. 25 pin D-subminiatur
e RS-232C 
receptacle, 8 pole DIP switc
h data rate selec-
tor or I/0 port accessed by 9
 pin BERG strip. 
Operating •••••••••• Temper
ature: 0-50 C (32-122 F) 
Conditions Relative
 Humidity : 10-90% non conden
sing 
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2.2.1.2 •• IJLCQ 11611 IWlf'Oe
lOl,u&OI' 
1bo oontrAl ooapocont. o
r tho %8 halo !701.oa 
Conr.rollor io tbo 
ZILOO %8671 lifl&lO dt!p
 D1crocoaputor. It cont
&Ju IAH, IGf AM uo A
l 
vo1:1 11.11 otltor oundl.rd
 CPU tunottono. Tbio 
dov.leit llolonga to th
o %8 
tally. 
tho Z8 arcbitoot.uro (imoi,,n 1n
 t1guro 2.U alJ.ova it
 to ,or,o 1n 
oi tbor aoaory or I/0 i
ntanahe appl 1ca tlorua a
nd tunct.ton to a ar•t 
oxtont aa a aiorop-oooaa
or. Undor progrui cont
rol tho Z8671 oan bo 
configured aa a atand 
alone a.toro<maputer w
ith 21t byt.oo or 1.ntorna
l 
ROH, aa traditional 1.do
rolJ"ooosaor with 1211K byte
s or oxtorMl ceaory, 
or as a pirallel prooea
stng elcaent v1th other
 COl:lputora [SJ. 
nto ZS671 contains 2K b
ytes or ROM (preprograraod
 with a tiny BASIC 
interpreter), 32 I/0 lines 
and 1411. bytea ot random
 aooena 11eaory. 
Figure 2.5 !bows tbe Z
8671 pin functions and
 aastgnments. 
Aa is ab own in the t !
gure, the 32 I/0 lin
es are grouped into 4 
ports. They are softwa
re configurable tor eith
er input or output an
d 
are LSTTL oompa tible
. Port 1 and Port O 
were used in the pre
sent 
application as a mult
iplexed address/data b
us for communication
 with 
external memory and th
e AID Converter board. 
Port 1 supplied the DO
-D7 
data bus and AO-A7 add
ress bus signals. Port
 O supplied the remai
ning 
A8-A15 address lines
 for a total of 16 bi
ts. This allows a tota
l of 
62K bytes of program m
emory to be directly a
ddressed. 
For communication, t
he Z8671 contains a 
full duplex Universa
l 
Asynchronous Receiver
/Transniter (UART) and two
 counter/timers with
 
presoalers. Serial dat
a is received through 
bit O of port 3 and tr
ans-
mitted frcm bit 7 of po
rt 3. While the ZS Basi
c System Controller c
an 
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Fig. 2.5 Z8,pin functions and assignments. 
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bo Mil. for otUior non or odd ,arU.J, UH
t 18671 l.a P"ONL lo 8 diU 
blu, co parity Aftd 2 At.Op w, .. loo
ttHd ,ab, Clil-L al.va,o hilta I •• 
blta, •t lu.oL 1 nop bU, 1.nd co par
tt, ( 8J. 
2.2. t.J 111• 18 Iulo 11n• Coat.roller lo
aNI 
Flpro 2.6 ouU1aoa tho otrcuJ.t of
 tbo U obip %8 Baa.tc S7atoa 
Cont.roller board. IC6 to tho Z8671 
Alcrocoapuur coa~.1n1n& ZUog•a 21
 
BASIC/DBBUO ROI DODitor eot'tvaro. l
Ca 10 and t1 AN tho GIDOl"Yt ud IC
 
8 ia an 8 btt addroaa latoh. 1Ca 2 
and 9 tcna a ••Ol"J' uppad input 
port addruaed tor oithv J!D00-£8
00 or Ff.00-FFFY hex Cit docodoa aay
 
addreaa v1~b1n tho range aoloct
od). ICa 3 and .\ bandle tho RS-232 
aar.t.al ooaaunioatJ.on [8]. 
2.2.1., Z8 Bu1o Syat• Controller ••
or, aontipration [81 
Tbe systea haa two 24 pin cuaory 
aookltts. 1hoae can be separatel
y 
contiSUred to use H~ or RAK. ln t
he present case two 2X 2016 RAH w
ere 
used since what was needed was m
emory apace to save the digitiz
ed 
data. 
A specific memory configuration ha
s to be set using memory con-
figuration jumpers. There are 4 jumper pad
s available on tho Z8 Basic 
System Controller board. These are
 used to select the addresses 
and 
memory type used in the RAM/ROM 
sockets and the address range of t
he 
memory mapped I/0 port. The locati
on of the jumpers on tbe board is 
shown in figure 2. 7. 
For this application, the jumpers were con
figured as follows 
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Fig. 2.6 za Basic system controller schemati
c diagram. 
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rtt-
I 
Fig. 2.7 ze Basic system controller silkscreen. 
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• m,oc,.1111)0 
,mo-rm •-IQ~UGE SEl.EC7i"ED 
Tho I bit D9llot'1 •PJlld UO port 11lll ro1pond to aa, lddr ... 1D i.bO 
r..- •leot.od. 
JP2 • IC 10 lllllllOl"Y aoolat ood'J&Ur&U.011. 
!d& 
B·El N 
B•B a. 
. . . .., 
l 
HnlllorY size D01eot1on: 2l aeloot.ed to bav• a 2016 RAM. 
Address range aeleot1on: Ran&• 800 selected to bave a 2016 RAH 
(addreaa rraa 800 to 1 ooo bu) 
JP3 - IC 11 mecory aoolm t cont1gUrat101L 
8182K o; ffiJ; 
10 !,K 
t J 
Memory size selection: 2K selected to have a 2016 RAH. 
Address range selection: Range 1000 selected to have a 2016 RAM 
(address trom 1000 to 1800 hex) 
JP4 - Extended ROH chip select. (optioral) 
Not available in this board. 
2.2.1.5 Baud rate settings 
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'1lso •rJ.Gl COJUllllD.l.otUoa rato on lho ZI .,._
 Clootroll•r Naret ta 
Nt uoJ.q tbo d.lta r•t• t0lootioa wttohu (WI on fJo;
ro 2.6). fbo 
a,;ltob •tttcp tor tbo Y&r1awt dltl t'AlOI IN •
• fOUOVI 1 
Bd41ato 
.,, 
-
.,, ... 
110 a, Off on 
I/A 
150 (II elf (If
 I/A 
300 Off' OFF OFF Ill 
1200 OFF OI OFF "'' 2.ao cw QI OFF I/A 
,a,o OFF Ott OU NIA 
9600 (If OPP OI "'' 19200 OFP (if Off I/
A 
If/ A • Don• t. oar• 
2.2.2 tb• 8 bit ADl.1.oa to Dillbl Co•ertot Boa
rd C 101 
Tbe MIQUIUJfT Analog to Digital Converter bo
ard ia an 8 cbannol 
dov ice doaignod tor uae with tho Z8 .Baaio 
Syat• Controller board. It 
provides tho ability to mom.tor up to 8 anal
og aignala in one or two 
ranges : 0-10 Volta and :5 Volta. Eao
b channel baa 8 bit.a or 
resolution. Because the AID Converter boar
d 1a memory mapped, both 
BASIC/DBBUO and ZS assembler languap pro
graaa can eam.ly aoceaa it, 
Ho apeoial subroutines are needed to cont
igurate the A/D board. It 
prov ides over 1000 conversions per chan
nel per aeoond. 'lbe analog 
signals are connected to the A/D boa
rd via a ten pin Molex 
connector. 
2.2.2.1 Circuit daaoription [10] 
Figure 2.8 is a schematio diagram of 
the Analog to Digital 
Converter board. 
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-
-
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-&L ... 
~----c,,,,. P------c• OIi 
u-----cr or 1;-------c• OIJ M-------c, a., 
~---
-<IO/f 
~---
-<•o. 1&..-----<• OIi 
.r-<' ... 
-:: . 
Fig. Z.8 Analog to di
gital converter schem
atic diagram. 
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Tho VD Conrortor bOANI bu r01r a&Jor oootioui
 addroao docodtq, 
rotorenoo wolt•ao eo•rator, clo
ck oacUlltcr ud Uao AID Comorte
r 
1uo1r. 
Tbo addr111 docodor 1, &&do up 
or IQ, 105 w IC6. Addrou U•• 
A11·A1' aro broupt into lCS 01 tbor
 u truo or 1nortod 11p1.10 aa 
oboaon by tho Jwaporo. Imorat.on
 to udo a,anablo by tho to.,,. pt
.a 
ot I~. tb• output or IC5 u vol
l •• addrua U.n1a A8-A10 aro b
rought 
into IC6, a 3 to 8 lino docodor
. Juapor aolootion will. dotora!A
o 
vhiob ot tho elgbt oub-addl'oo•
• tbo AID Converter board will 
roapond 
to, A deacr1pt1on or tbo addroa
a coabina ti.on ia gJ.ven 1a aeoU.
on 
2.2.2.3. 
'Ibo reteronoe vol tap aeotion o
t tho AID Converter board ia ••de up 
or Z1 and IC3. Z1 provides a t•p
eratu~o atable 6. 88 volt refe
rence 
which ia scaled and inverted b
y the tour aaot1ons ot op-map 1
c3. The 
outputs or the reterenoe voltag
e circuit are applied to the ref
'erenoe 
and ottset inputs or the A/D 
converter IC. 'l'heae inputs can
 be ad-
Justed by trimmer potencicmeter
s on the board. By adjusting the pots, 
unipolar (0-10 vol ta) or bipolar (-5
 to +5 volts) operation may be 
obtained. Calibration adjustments are co
vered more fully in section 
2.2.2.4. 
The olook oscillator section or
 the A/D Converter board is mad
e up 
of three sections of IC7, a q
uad two input NAND gate wired a
s a ca-
pacitor controlled. inverter o
scillator. The output of the
 olook 
oircui t is fed into the cloc
k input of .the A/D converter
 IC. The 
frequency of the olook should be
 between 1.2 and 1.6 MHz. 
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Do ttal, Nd•• J.Dporw:at 111ct101 or Uao A/0 Co•orwr toU'd i• 
tao 1,/D Coartrut cltip, IC1. Do tollcuJ11;1 aocttoca chacr111o tbla JC 
J.A clowl. 
1.2.a.2 'Ille Alal.01 Deliola .I.DT511 AaalOI to Dl&Ud a.arvw a111p 
'Ibo AOB81 UO Co•ortor lo• aicroproooaaor ooapa Ublo 8 bit, 8 
chaanol, DIDOl"J blatl.'orod dUA aoqalaUJon ., •• on a aono11Ua1o C
11>S 
dJ1p. Fipro 2.9 lbowa a rwuztlolllll dlq;r111 ot tbo cbip [10]. A.a it io 
110011 in tb• t1avro, .It coao1ata or Q 8 bit auootalYo approxJ.•Uo
a 
AID Conver-tor, an 8 chu.nal aultiploxor, kl dual-port !AH, tbroo
-
atato D\Tl drivora (for 1ntortaco>, addroao latchoo and aiaroproceaaor 
eot1ia tlble control loglo. 
Tbo auaoeaivo approxJ.ntion talcea place on a continuous, channol 
aoqmnoing, blala uaing aioroprocoaaor oontrol signal tor tbe o
look. 
Data ia automatically tranaterrad to ito proper location in the
 8x8 
dual-port RAM at tho end or uoh oonveraion. When under 11ioroproce
aaor 
oontrol, a READ DATA operation is allowed at al]f time tor any channel 
ainae on-ohip logia provides interleaved direct memory addrea
aing 
(DHA). Thia ohip can interface with mioriprocesaor systems wbiah 
feature ahared or separated address and data buses. 
2.2.2.3 Address «>ntisw'ation ot the AID CoJWerter board [10] 
The A/D Converter board can be set to respond to run at 128 dif
-
ferent addresses. To set the address of the bOard, two steps 
must be 
performed. First, the base address or the board is selected via
 a 4 by 
3 array of jumpers. These jumpers are physically located adjacent to 
IC4, in-line with pin 14 of IC1 (the AD7581 chip). The jumper con-
figuration is laid out on the board. as follows 32 
Olf•OIO 
~ 
DATAOUT 
aa-:m 
,l-~Mlfo--1 taft J--AJ"""'_., lilUll 
AD7181 
Pig. 2.9 Analog Devices AD7581 functional diagram. 
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A 11 
A 12 
A 13 
A 1• 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
A 11' 
'12• 
A 131 
'n• 
A 11 • donotoa tbo invortod A 11 addrou u.no, oto. 
'lboro aro atxtetn pooatblo J•P'I' C011b1nat100D. 
For tho pruont appl1mt1on, t.bo b110 addrODa JuaporJ.ag va1 aado 
a.a tollwa: 
A 1• 
! 13 
A 12 
A 11 
A 15 alwaye 1 
IO 010 1 
Olp pl 0 
JO OJo 1 
olo 01 0 
1 1 0 1 0 = DOil 
The baae addreaa ot the board vill then be DOXX. 
The second set or address jumpers is located in the center or the 
board, near the 10 pin Molex connector. 'lbia jumper ia to select one 
or the 8 aub-addreaaea that each base address can support. .Address A8-
A10 are used to provide these sub-addresses. Placing a Jumper on the 
berg strip cbooaes one of the 8 possible outputs. 
The layout or the sub-address Jumper position is as follows: 
SUB-ADDRESS JUMPER A10 A9 AB 
1 0 0 1 1 1 
6 0 0 1 1 0 
5 0 0 1 0 1 
4 0 0 1 0 0 
3 0 0 0 1 1 
2 0 0 0 1 0 
1 0 0 0 0 1 
0 @=ID 0 0 0 
Here is shown the sub-address that was used for this case. 
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To dotondoo tbo rOJl board addroaa, tho oub-odd.ro11 .io addod to 
tbo tlnt bJ't.o ot tho •• 1ddroa1, Ulotn 
Buo addrua - DOIi 
Sub-lddrou • OOlX 
Roal addrooo • DOU 
Tborotoro, tbo addroaa tor tho ol&bt cbunDla or tho AID ConYort•r 
board vill bo: 
CHAIINEL 
1 
2 
3 
-5 
6 
1 
8 
ADDRESS ( Hu) 
0000 
D001 
D002 
D003 
ooo, 
DOOS 
D006 
DOO'f 
To calibrate the AID Converter, a digital voltmeter was used. 'lbe 
prooedure was as follows: 
1) The meter was a ttaohed to pin 1 O or I01, the AD7581, and the 
referenoe potentiometer on the board was adjusted for -10.00 
volts. 
11) The meter was attached to pin 1 of IC1, and the offset poten-
tianeter on the board was adjusted to +5.0 volts, to have -5 to 
+5 bipolar mode of operation. 
If for a future application of the system the O to +10 volt 
mode of operation is required, this step would have to be 
performed to get 0.0 volt on the offset potentianeter. 
2.3 Analog to Digital_ Converter System Software 
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lb@ :.6 li!iAli!i. $J,icf.N Cotit.f'OH~r Qifl Dv ...... ~ 14'll Ulit' 1ft 
IUJC or 
.in A.u,0cblor l1n,v1p. ror lblit ApplleiaUon, i1 ~oar•
 vrU.ton 1r. 
DUIC VAtS i.lHd. The %UO£ 1167'. t.tu, C,O or tho %8
 B1111a. S11n.oc 
C.Ontrol lor, bH • lhu,1 c/lhtbut 1 nt.9rtir@tor baU l•in
 • n ll(lf. Tbo nut 
•ctioru, do.1:u:rUlo rbo fntrM or tbht conner U1t.t 
voro rol.o-vant ror 
UtlD VQ"k. 
2.3.1 Dae BASlC/DIB1XI aoaltor (I) 
The Zilog Buic/Dobu_g 11on1t.or io oooontilll ly an tnto
gor aath nubnot. 
or l>Artaouth BASIC, ~pooitically dooipod tor proco
ao control. 
Baaio/Dobug rocognJ.zoa 15 ooaund words. Thay include ooro, ooe, USR, 
GOSUB, lF/THEH, DfPUT, Df, LET, LIST, HEW, RE.H, RU
H, RE1VRH, STOP, 
PRINT, and PRINT HEX. Bach coannd apecifiea a atataaen
t type which 
pertoraa one of threo act.ions : asais.n,aent to a varia
ble (LET) , input 
or output (INPUT,IN,PRINT), or control
 flow 
(IF,0010,GOSUB,REltJRH,GO@). 
Twenty six variables CA-Z) are auppor~d. Each letter is a varia
ble 
name. Baa1o/Debug allows examina t.1on and modificati
on of any memory 
looa tion, I/0 port, or register. The interpreter pr
ocess data in both 
decimal and hexadecimal nots tion and aaoesses machin
e language code as 
either a subroutine or a user def 1ned function. 
Basic/Debug oan directly address all external memor
y. Byte refer-
ences, which use the "@" character with an address, may be used to 
modify a memory location. For example, to set 45 in
 memory location 
4096, the command is @4095=45 (or @j1000:J2D, where % denotes he
xad-
ecimal values) • 
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1.J.I lulolDlllua'• •..Uonaocll• (UJ 
llaio/Dobua onouto• coaaand• in ono or t
vo oodooa run or 
iaaod1ato. Tb• 011to11 lo ro&dJ to aoo
opt I o-oaaand vllon tbo 
BulolJ)otiq praalf', a coloa. ap1111ra at Uao lo
tt edp on I DIV Uno at 
uao ton1llll.l. 
Proo-11111 aro oditod and tntoraotl,.,oly debuo
od in tbo iaodiate 
Dodo. 
To ontor tho run aodo• the ooaaand RUN J.a 
t.o bl ontorod ta tho 
1nodiato aodo. Ir t.hve J.a a prosr• in am
ory, it ia oxooutod. lbo 
a,atm returns to tho 11110diato liodO vhon p
rogru oxecuUon 1a oom-
plotect or interrupted by an error. 
2.3.3 Proar• lw ayatu [11] 
Progru lines consist or a line n111ber and
 a oomu.nd statement, aa 
shown below: 
100 PRINT •HELLO• 
The line number indioa tea that the instruc
tion is part or a Jrogram 
and should not be executed immediately, so
 Buie/Debug stores the line 
in memory. Line nmbers also indicate the
 sequence in which the in-
structions are to be executed. Only values
 in the range 1 to 32767 are 
aooepted as valid line numbers. 
Several statements may follow a sing
le line number if they are 
separated by colons. Packing several com
mands on one line saves memory 
space. The number of commands in a lin
e is not limited, but the line 
may not contain more than 130 oharaoter
s. 
2.3.,4 Editing a irogram [ 11] 
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Bu.lo/hWa aunorta tnioruti,o dobu&lina vttb 1 -.1.r-oonulnod 
lioo 1dl tor. It &lao &llOIIA oU.alaUoc or \JJd.111 And oUaor vrora •o 
• P'OV• 1a oatorad. ld.lUq 11 dono ln Uao lariodJ.at.o DOCSo. 01,1q a 
coa111nd LIST prints a P'OII"• currontlJ cont.&laod in aaor,. 'lban tbo 
sirosr• OIA bo oDD.t.nod, and ob1QPa and add1t1ona CAn bo aado uatn& 
Ulo toolmlquoa dascrtbld bola,. 
Buio/Dowa atoroa i:rosr• liclto in Um numbor iioquanoo. It a lino 
io typod vitb tbo umo nuabor •• a line alrady i1t aaory, tho nev 
line roplaooa tho old om. It only tho lino n1111bor J.a ontorod, tho 
line ia delotod traa J1aaory. Oooo a lino ia stored in aeaory. the only 
way to change it 1a to retype tho lino. 
An error de teated in a lino botoro proaaing the carriage-return by 
can be corroated by bacbpaoing through tho line buffer to tha miataka 
and retyping. Ba0lcsP1oing is performed by holding down the control key 
and pressing H. 
To delete a whole line before entering it in memory (1. e. before 
pressing the carriage-retw-n key) the escape key can be used, 
2.3.5 Humber handling [11] 
Numerical values that the system can handle range from -32768 to 
+32767. It a computation results in a value beyond the negative range
, 
the answer is printed as a positive number. It a computation result i
s 
higher than the positive range, a negative number is irinted. 
Basic/Debug recognizes only whole numbers. Fractions oan not be 
entered, and the fractional part of any result is discarded. A neg
a-
tive number is indicated by a minus sign, "-"· 
2.3.6 Operators [ 11] 
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Baaio/Dobua roooplaoa tho tollow
tna oporatora tor arJtbaoUc 
hnctlona: 
•· Addi Uoa 
• SUbtraotion 
• Hul U.pl:lmtton 
/ D!vuton 
Oporatlou aro portoraod rraa loft
 to r1sbt. U' all tour appear in 
a a1n&l• oxpro.old.oa, IIUl UpUca Uo
n and d!v1alon a.re portonald tin
lt, 
tollowtd by add.lt.1011 and aubtracttoa
. ntia •a.r be al torod by tho un 
ot paront.bula, aa ia aade in 1081
BAH atat.onto. 
Si.nee Bulo/Dabug dooa not euppo
rt traotional nuabora, tbo rea
a-
indor or a diviaion operation ia
 diacardod. 
2.3.7 Keacry Nter1A01a - Addrea•
• [11] 
Baaio/Debug oan directly addrua 
tbe Z8671 internal registora and 
all external memory. The conte
nts or any addreaa may be examin
ed and 
memory locations may be altered
. 'lbe location is apeoitied by 
a memory 
rerorenoe, vbiah baa two parts
: a signal character and an add
reaa 
value. Any byte may be referenced 
by placing the byte signal char
ac-
ter, "@•, in front or the address. For exansp
let @%1000 addresses the 
byte stored in location .qo96 (1000 hex:
ll096 decimal). The same result 
is possible with @11096. 
2.3.8 Baaio/Debug statement det
in1t1ona [11] 
Following is the definition o
f each one of the command keyw
ords 
that were used for this applica
 ti.on. For a oomple te overview
 of all 
the instructions that the s
ystem recognizes, the user o
an see 
reference 11. 
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I.J.8.1 001V OOIMDd 
0010 100 
GOTO Jr, 
00-TO 8*100 
cauoo OOTO onura tho ru.n aodo. Unl.tko lb
o RUH cocund, aoro can 
apoo.1t')' Uto J J.no nUztbor whoro exocuuon ia to bog.lo. 
Thia raaturo vao 
uaod .ln t.bh cuo, vh1c.b will bo aoon lat.o
r in chapter 3. 
OOTO auat alvaya bo tho hat .otatocont 
on a lino oinoo any at&t.o-
cant that tol lov it on a program Uno e1
n not bo oxeoutad booauao it 
uncondtt.J.onally o.ha.nsea the aeq1.mnce or oxe
cution. 
2.3.8,2 IF/TBDI atateaeat 
Examples: 
IF A>B THEN PRINT •A>B• 
IF X:Y IF I:Z PRfflT 11X:Z• 
IF A<>B I=0:J=K+2:GO'l'O 100 
The IF/THEN command is u:sed for con
ditional operations and 
branches. As it is seen, tbo apodom.a may b
e another statement, a line 
number indicating another statement, or
 a list or statements separated 
by colons. The keyword THEN may be anit
ted to conserve memory spice. 
2.3.8.3 LBT atatGaent 
Examples: 
LET A:A+1 
@1020:100 
@J1000=%1oo•c 
LET assigns the value of an express
ion to a variable or memory 
location. The left portion of the state
ment may be any variable A-Z or 
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A aoaory rororonco. Tbo voluo ot u,o upronton 11 oitbor atorod in 
tbo .-Cl'l'J lOOlltlon or pllood in tho ,artal>lo•a 1t.orqo lOOI tion, to 
bl UNd at •IV aubooqmat apl)OIJ"MCIII or Ulo ,ar.llbl••• 
B0c1n• tbo oqllll alp ub1 t.tao a:,ata,c or tbu ooamnct untqm, tho 
UT koywrd aay bo amltod. 
2.J.8., LIST ONNad 
lxuploa; 
LIST 
LIST 200,1000 
tbia ooaund ia uaed in tho intoraative mode to generate a listing 
or progrm Unea atorod in ••ory on tbe terminal device. 'the optional 
line nmbera apeoity the range or linoa to be listed. tr only one 
nmber is given, only that line vill be listed. A LIST oom1111.11d without 
arguments liata all the lines on the program 
2.3.e.5 HBW ooamand 
Example: 
N&I 
1be NEW oommand resets the system to the beginning of user memory, 
thereby making the SJBC8 empty and ready to store a new progran. 
2.3.8.6 PBIHT OOlllJll&Dd 
Examples 
PRINT HEX ( 255) 
PRINT "THE AN SIER IS n ; X 
"THE ANSIER IS";X 
PRINT A, B, C, D, E 
The PRINT command lists its arguments, which may be text messages 
or numerical values, on the output terminal. 
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CbarAOtora and •JIii"'' oAoloNd In quot1Uon 111rk.l aro li•tOd ••-
aotlJ aa t.boy uo tJJIOd. Quotation aarb ll"O unprJ.ntablo. A cllu•tor 
otl'lftl occlo11d in quotation aarka iapU.01 tbo flllf ooound, oo 
t.bo 
koyword Dlf be 0111t.tod. tho PIDT nyvord without. an arpaont aa 
tora1nltln& dol.Jaitor pmratoa a blank .Uno. An, PIDT inatruoU
on 
can bo tollowod by a colon and another atateaont. 
Vbon an o,rproaalon J.a oatorod •• tbo argwaont to tho fRDT ooaun
d, 
Baalo/Dobug ev&11.11toa it and liata ita dloillll valuo at tbo torwiml
. 
Only tbo aignit1ollnt digU,a are printed; loading zeroa and d1via1
onal 
rtaa1ndera are not. PRJHT treats nmbera aa aignod intogera. 
Vbon a ooaa 1a uaed to deU.ait itelia on a PRIHT atateaont, a tab
 
ia generated between eaoh 1te11. Tbo tab atop, are located at eig
ht 
space intervals acroaa the ao:reen. 
To print one item direotly attar another without. any ai:aoing, a 
aemioolon abould be used aa a delimiter. For example tbo command
: 
PRINT •OUTPUT : 1 ;X 
will print the value or the variable X immediately after the 
equal 
sign. It a PRINT statement is ended with a semicolon, no car
riage-
return-linereed is generated. Toe next item printed by a subse
quent 
statement will appear on the same line as the item that preceed
ed the 
semicolon. A comma at the end of a PRINT statement will also sup
press 
the carriage return sequence, however, the next item to be 
printed 
appears at the next eight column tab stop. 
Examples: 
REM DATA A~UISITION PROORAM 
REM JOINT 1 ROTATION - TANGENTIAL ACrnLERATION 42 
Tbrt 111.H CODOAf.CI Ii UI-Od to l nMN. ~1101\l.D, rdirU, or ottio.r 
o,:ph.mwy DOUD! Snt.o u,o oodo. Dulo/o.tu-f. t1nor•.1 anyt.Mo1 tol• 
lovtn1 Ulo REH koyvord, t.borororo, JllH 1,wt lU totu111nt ou.n bi Uti 
lilat. AtlUCHt. or. A UM. 
2.3.8.8 a,1 ooeNDd 
lzuplo: 
RUH 
1bio ooauad 1n1 Uatoa aoquo noill oxeaution or a.11 .1natruot1ono 
atored in amory. JIJN 1a uaad only in the !mediate aodo. 
2.3.8.9 stOP G09Nnd 
Bxuplo: 
STOP 
STOP gracefully ends program execution. A STOP instruction 1a 
implied after the last program line in mmory, so a terminating STOP 
command may be ommited rrca the program to save memory ssace. 
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CUffll J 
DlfA &CQOJSITIOII 
1bo t1nn. part ot tbln cboptor do&l.1 vUJ: tbo 1ntorooru)ootiona 
botvoon tb.o au. aoW'co• aad tho d1u. acqulalt.loa .a,1te. tbo cilt& 
acqulcUJ.oa prootaa 1uo1r J• co,orod later, traa tho dlta gonaraUon, 
tranll'or &nd atorqo t.o tho dA ta rotrlonl tor amlyala. 
3• 1 1DtarCODD10tiOD1 
Onae having aoloot.od t.bo ooapononta ot tba uyatoa, n 111 naoo1111ry 
to talk about how they wero put to vork togotbor to aocoapliab t.bo 
taak bo1ng purauod. Thia aeotion toouaoo on tho intorconnoctioaa 
oatabli.ehed betvoen tho acoalaroaeters and robot controller aa data 
sow-cos and the data aoquiaition system. 
3.1.1 Aooelerc:aetera - AID CoaHrter intertaoe 
Once the signal a rrm the aooolermetera have been til tered, they 
are ready to be digitized. However, the direct interconnection bebleen 
the filtered outputs and the A/D Converter board is not possible due 
to TTL oom_ratibility reasons. To overcome this problem some kind of 
buffering had to be used, as it is shown in figure 3.1 (figure 2.1 
repeated). Furthermore, in case of having a very low range of voltages 
corresponding to the accelerations being sensed, an amplification of 
the signal was desirable. Both things were accomplished at the same 
time by using operational amplifiers interconnected with resistors, to 
obtain differential amplifiers. 
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ROBOT 
CONTROLLER 
TAPE ~ECORDER 
Fig, 3.1 
PUMA 
560 
CRT 
system confi TE.RMINAL quration 
45 • 
FILTER 
PJauro 3.2 awe a dlttoroUl
l aplJt.tor COMtotloo [lJJ. for Ult#
 
kind or ooaneotioo, u (3, 1) 
tbon, 
Yo • Cl/8, )(Yb-Ya) 
Nboro ,o1t.apo Ya and Vb an t
he inputa amt Vo 1e tho outp
ut, and a2 
and 11 are rea
latanOGa. 
1ba output tt'CII tho tilter, o
arry.S.ng tho tiltorod aooe
loratlon 
signal, waa connoated to th
e non-inverting input CB) or tho cl
lttoron-
tial •pU.f'ior, and ground v
aa oonnaot.od to tho 1nvort1
n1 input U). 
The gains or the ditterontia
l aplitiera wore aet to 4 and
 1, aad tor 
certain aeaaurmenta or aaoel
eratton two dittereatial amp
lifiers vore 
connootod in aeriea to obtai
n a pin ot 16. 
Later in chapter 1', the ga1
na used tor eaob measurem
ent vlll be 
tabulated. 
3. 1.2 Robot Controller - AID
 Converter intertaoe 
Due to the same reasons m
entioned in aeotion 3.1.1, 
buttering had 
to be used to isolate the vo
ltage signals being taken 
out from the 
robot controller from th
e A/D Converter board. I
t turned out that 
tbo.se signals were contamin
ated with noise and bad to 
be til tered as 
well, as it is shown in fig
ure 3.1. 
The robot controller is t
he master component of 
the robot•s 
electrical system. All sig
nals to and .. fp~ the robot 
pass through the 
controller and are used by 
it to perform real-time 
calculations to 
control arm movement and 
position. Figure 3.3 is a 
block diagram of 
the RIMA Control System. Th
e behavior of the arm is co
ntrolled by the 
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-
.. R1 R2 
Vao---'V\l\nr------~M,.--
-. 
A 
Vbos _____ ..-'\JM~------------..1\.A~~------
+ 
-
-
Fig. 3.2 Differentia
l amplifier built wit
h a single op~amp. 
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DLV11·J 
EPROM LSJ-11 
DRV11 
INTERFA E 
BOARD 
SERVOMOTORS 
RAM 
,____, _ I I L_J - ..__ 
Fig. 3.3 Block diagram of the
 PUMA control system. 
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cl11tul and au.101 10.rtol
.Nrd.l or lbo oollrolkr, u cU
ct.a.Ltd "1 UI@ 
ca.low.auou or Ulo w~11 O
Oll,utor IJlta. For _. Jotn
i. uao outpc. 
troa tho aDlloa oo"~ t
o tod to • 101111" •P1Jttor 
tioird vwo U, 
1a uplttJod t,o ,ouaao and 
aurirut lnola bt&b •r.oup t
o drt,o U.o 
Hr•oaotora. Out.puts rroa 
t.bia toardl art tod to tho ua
 U:lfOV&b Ulo 
COMDOUJII Olblo Yta Cbo an
s Cllllb.10 board (2]. 
Fie;uro 3., lbova tho connoot.lou a.dt to obtato a voltaao ol&Q&
l 
proport.toml to that bo1ng o
ont traa uao cootrollor t
o tho OlffCDotora 
on oaob Joint. S1not tho a
otor •ol.tapa oan bo •• blab
 u 30 or ilOt"O 
vol.ta attor apU.tioatlon. 
ud alnco tbo range ot tbo
 A/D Comortor 
board 11 +5 vol ta. it v
aa doo1dod t.bat • voltaso
 atpal botoro 
... 
•pliticatlon had to bo u
aed. Hotico Ulat buttering v
aa nocoaaaey to 
isolate tho robot oontro
llor tl"OII tho tJltor. It 1a
 very illportant to 
have in mind that tho vir
ing rrca point Jn', and J 0B (a• 1,2 •· • 6) ahou
ld 
never be 1n direct oonta
ot with each other beoauae
 that would produoa 
a short oirouit tbat woUld 
make joint n move erratically 
and oould 
eventually damage the robo
t oontroller. nae aue thins w
ould happen it 
a direct oonneotion betwee
n any or thoae pointa and
 the tilter ia 
made. 
3. 1. 3 Z8 Buio S7at• Contr
oller-Tas,e Reoorder-CRT ter
miml .tntertaoa 
Tbe TECHTRAN 817 Dataoa
ssette bu two RS-232C o
onneotors: one that 
oonneots to operator en
try terminals and other se
rial I/0 equipment, 
and another that oonneo
ts to modem or acoustic 
couplers and CFU 1 s 
having serial I/0 capabil
ities. 
u, 
0 
~ AMPLIFIER BOARD 
flat ribbon coble 
BUS 
. 
-Cl ..... -----------t-<:::!3....,,~~ 
c2------~----+-c.:l1-1---a..i., 
CJ-------~~-1-c.;M---'.r.1 
c,------~;.;;__-1-~1-1---1-~1 
double row 
termiml strip 
A/D 
C?---<:!l-J~l~A--t ........ --t-<~---w.> 
ca--c~J~l~A--t----+-<"~---..u.1 
C9--ri~.;_..-1-----1-<:.-=:a.-1---Uo 
FILTER..,__..+ CONY. 
J1A 
+ 40 voe 
/ . 
edge · 
card 
connector 
L_ ... "\& - 40 voe • 
power amplifier for joint 1 
\_bufler 1 \.buffer 2 
Fig. 3.4 Connections for measurement of voltage 
to joint ser~omotors. 
lD it 11 lbOMn ln t41tro 3.1. Ulo U Bu
.to a,atoa Cocc.rollor (CUU > 
no oonoootod to ooaaUAlOilto v1Ul t.bo 
tonaJoll tbrov,h tbo tapo ro-
cordor (aolid lino pttb). Tllo dottod l1co ,.
tb aorroopoad1 to 
indoJ)Ondoat oonvnloaUon botvoon tho tapo r
tCOrdlr &Dd t.bo t.nattal. 
To aloot vhlclt paUi 10 to bo uad, t
bo tape rocordor bu on 1ta tront, 
piaaol a t.bNO J)Oalt.lon togle a,Ucb that. oo
nb'ol• on.Um/ottU.no and 
bim.17 couunioaU.on aodta. By putti
ng tbo a,ttob on tho oalino aod1 
poai tion, illtorconnootion bowoon tb
o CIV, tapo reoordOr ud tonainlll 
ia acbined. Ibo ottU.no Dodo docou
plaa the CPO and allowa indopondont. 
co1111un1oat1on bot.vttn tbe terainll1 ud
 tbo ti.po rocordor. 
nae oolUIWlioation requ1reaenta bet
ween the CPU and the tape re-
corder woro oonaiderod in aection 2
.1.2.,. lt vaa _pointed out that tho 
baud rate or the tape recorder range
a trm 110 bpa to 2 ,1100 bps, and 
that or the CfU rraa 110 to 19,200
 bps. However, due to the tact that 
the tapa reoorder transaita characte
rs vitb 11 bits (2 atop bits) only 
at the 110 baud speed, :lt was po
aaible to use only tbia aloweat bau
d 
rate to matoh the requirements or th
e CPU, which are 8 data bi ts, no
 
parity and 2 stop bits (sea seotion 2.1.2.
~) 
The settings made on the equipment
 for this applies tion were as 
follows: 
a) ZB Basic System Controller settings: 
i) Baud rate : 110 bps. 
b) Tape recorder settings [ 9]: 
(1) Baud rate: 110 bps 
(ii) Xmit BS Disable : Disabled (OFF) 
(iii) Echobaok Control : Full Duplex 
(ON) 
(iv) Enable/Disable Delay : Disabled 
(OFF) 
(v) CR/LF Linemode : Carriage Return (CH) 
Linemode (ON) 
( vi) BIN CTRL ON/OFF : ON . 
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( •11) hlq on CI/U' 1 hablN (OI) 
c~w, ODl>lltlll l'fflt, s Don•t m:ro 
Us) lmblo/Diablo J*r.u, 1 D1ablod (Off) 
a) Torawt atUAPI 
U) llud rato a no bp1 
U.iJ lcboblok ooat.rol z Full llvplox ( 111) lulblr or atop bl t• : 2 
Uv) P1.r,lt.y control : apaco 
3.2 Data ae•r•tlon 
Tho data aoqu1rod vu pmratAHI by ..,1ng tbo robot ana 1D a ODl'-
tain tUbioa. Tbo fUHA robot uaoa VAL, a aoaputor-baNd control ayat• 
and language apooitioally doa1gaod tor UH vith URIHlTJOU loo. J.n-
duatrill robota(12]. Tb.111 aootion oxplaiaa bow tho VAL progrua vero 
edited. To 1ntoraot with tba robOt it 111 noooaary that tho uaer read 
through tho PUMA nnmla to learn bow to uao tho device. Rotoronooa 2 
and 12 are the aouroea or that knowledge. 
3.2.1 Bobot Jll'Ogra•tng 
To rac1litate the analyaia or the acceleration data, it waa tound 
usatul to "decouple" the movements or the robot by joints, 1. e. to 
make the robot move only one Joint at the time. Three kinds or motion 
were desired : waist rotation, wbioh implies joint 1 rotation only 
(see figure 1.1); shoulder rotation, to have joint 2 rotation only; 
elbow rotation to have joint 3 rotation only. 
The program needed to create such movements had in the three cases 
the same form. Definition of two points in spice, a starting point and 
an end point was made for each case using the robot's manual control-
[2, 12], and the robot was to perform a movement to bring its end 
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tttadOI" (viUJ Uao Uuw &OO
tlONDIWt'I COUD\N oa it) .t,Qa OD
O ,Oal• 
uon to t.110 oth•r• tolloviq
 on 1.ro or olt011DtorffflCO. thJa 1o
r11a •• 
b111e&Uy vith t.bo tollwJ
q f & PHer•( 11h 
1. APIIO NRT,O 
2. JOYD NIT 
J. Q.OSEI 
• I APIRO ,OSI .o 
S. lCPAlt 0 
6, OfllfI 
whore PART 11 tho naao 
or • looat.1011 dotJ.nl.ng •
 point J.a apace to 
vhidt tho ond ottootor vaa 
t.o aovo, ad Ula oriontat.lo
n tbo ond. ottoc-
tor vaa to aaauae at 
tbat J)Oint, and .POS1 11 tbo naac
t or the onding 
looaUon. 
1bo aeaniag ot oaoh line 1
n t.hia Jl"O&r• vitbin tbia
 context ia : 
1. Hove to PART location 
2, Delay U. e. rmain at that
 location) 
3, Delay 
"· Hove along an aro to ro
s1 looat1on 
5. Delay 
6. Delay 
It is necessary to note t
hat executing tbia srogram
 once, beginning 
at location PART makes 
the robot move trc:a locati
on PART to location 
POS1 and then back to loo
a tion PART, with the en
d effector always 
following an arc of circum
ference • 
Instructions 2 ,3,5 and 6 ar
e used here merely to b
old the robot 
stopped in a l ooa tion, 
and, in faot, in the actual
 programs used while 
taking the data, more delay
 was used on each locatio
n, as it was round 
to be convenient for th
e analysis or the data; t
his will be shown in 
chapter 4. Those instruc
tions have of course a di
fferent meaning in a 
general VAL program, as i
t is explained in referen
ce 12. 
Three separated programs 
were edited and saved o
n a floppy disc 
using the floppy diso d
rive feature of the robo
t {figure 3.3). The 
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~-· varo 111U1N JOJJfl, JOD12 Md JODT], and OAG
h OM produooa 
on 1ndopocdlni. rot.at.ton or t.bo r~.apocttv@ Jolnt vbon
 oncutOd. 
3.3 Oat& aoqa111Uoa aad a&o, ... 
Tb1o 1oot.1on rocu1111 on tho data 1oqu111-1Uon an
d rocordJ.aa 
prooou. 'Ibo aoUJod tor doing tbo oporaUoo 1a 
aolootod rtrat; tbon 
tho BASIC progaua uaod to 1nat.ruct t.bo -,ottc to
r doing tho oporaUon 
aro o,ph.1nod. Finally, tbo actual procoaa or 
data acquJ.JJf.Uon and 
atorqe 11: o~llinod on a atop-by-atop bu1a. 
3.3, 1 Selection ot tb• a1tbod 
Two al terna.Uvoo were considered tor doing t
be acquJ.aiU.on and 
recording or data. Tho tirat vu to acquire tho da
ta and save them in 
memory tor a posterior dumping to the t.apo rec
order. The oeoond alter-
na tivo considered was to transmit the data 
directly to tho tapo 
recorder, while the data acquiaiU.on is being m
ade, using the highest 
baud rate possible. 
As it was pointed out in section 3.1.3, it was o
nly possible to use 
the 110 baud rate to make the tape recorder a
ble to communicate with 
the Z8 Basic System Controller, therefore t
he second alternative was 
discarded and temporary saving of data in mem
ory was used. 
The za Basic System Controller comes with a 
total of 4K bytes of 
RAM, which means that 4096 memory locations
 are available to store 
programs and data. In order to have more 
memory sp;1ce available, a 
HICROMINT Z8 System Controller Expansion B
oard was specified. This 
board allows to expand the Z8 Basic System C
ontroller to include up to 
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,a: aOdlU.oMl t»f Mu1 or bit or ltf'ICI
CJ it alao includio 3 byto sroer
a-
ublo I/0 port•, and a 300 
bpa 141Dlilll CiLJ St1Ddlt"4. O.iU
tllO'tW au• 
atorap 1nto.rtaco[ UIJ. lt 1• nooo1a17
 to noto. hownor, thtt. tor- tbi• 
appl:.luUon tb1i1 toANI Ifie atr
totly Wlild ao a DCIIIIOl"f oipanllo
n to.rd, 
1Dd com or it. othar tutura wo
ro WIid horo. 
Tbo b01rd aoqu.lrod addod 3 add
itioml 21 RAH• a to tho ayat•,
 
thor.roro Uao a•or1 aas-ottr v
u iacr._d to 1ot bytoa. Tho a
ddl'oaa 
or tho aeaory expansion board 
vaa aot to bogtn at 1800 box.• and
 it 
oxtoada to 3000 hu. 'lboret'oro, 
tho aaaory addro11oa ava.1.lablo 
in tho 
a7ntea rango troa 800 bu. t
o 3000 hex., tor a total or 102 .
. 0 INIZorJ 
looationa. 
It turnod out. tbat with the p
roar• uaed to acquire tho eta t
a. vbich 
will be diaou.ued later in aeoti
on 3.3.2, tho rate ot' converai
c,n waa 
approximately 37 data points
 per aecond, uaing one channel 
on the AID 
Converter at a time. Suppoain
g tbat all the memory capacity
 would bavo 
been used for storage or data, a
 total of ap(l"oximately 276 seconds 
or 
data acquisition time would ha
ve been necessary to fill all
 the memory 
looations. However, since 
the data acquisition and da
ta 8torage 
programs (see sections 3.3.2 and 3.3
.3) use part or this memory siace, 
a total of approximately 777
0 memory locations were availa
ble to save 
the data, which means that a 
total or 210 seconds of data a
cquisition 
time is available with the so 
configured system. 
3.3.2 Data acquisition program
 
The acquisition of data is a 
two step process: 
1) The A/D Converter board takes th
e signal coming to each one
 of 
its channels (only channel 1 was us
ed in this case), converts it on a 
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dlpt&l llaul Md iruato.r• tt. autcuuca
.Uy to tu ,ropor loot.ton 
OD t.tao illLOl"Ml 8•8 clllll port RAH a
t tho ocd ot Neb comottalOft (HO 
oocUon 2.2.2.2) 
:U) On roqm1t bJ tho Z8 lulc Syotaa Con
trolltr (CfU) • t.bo dlt.l 11 
tt'amrterrtd to a ••ort looatton on tbia board or on tbo MDor, oxpa
n-
alon board. 
F1pro 3.5 11 a tlov diaar• or tho dat.a
 aoqu.tn.J.Uoo pro&r•• Tbo 
oountor ia uaod to 1ncrmont by om 
tho addreu looaUon at; vblcb tho 
dJ.glt:lzod data 1a to bo tranatorroct.
 1bo progra onda vhen tbo eaoapo 
koy ia proaaod on tho terainal. An
 ovent or up to 210 aooonda or 
duration can be oont1nuoualy mnltcr
ed. 
The BA.!IC atatoonta or tho program 
aro aa rollowa : 
1 RBK INITIALIZE a>U mR 
2 A:O 
3 REH TRANSFER DATA ACQUIRED BY THE
 A/D BOARD TO A MBll>Rt 
LOCATION 
JI LBT @(.li096+A):IJDOOO 
5 REH IHCRBKBHT OOUNTER 
6 A=A+1 
7 REM REPEAT THE PROCESS 
s ooro 2 
In line II, 409> is the address (in decima
l) of the first available 
memory location to store data 
and JDOOO is the address (in 
hexadecimal) corresponding to channel 1 on t
he A/D Converter board 
(see section 2.2.2.3). Notice that the fi
rst 2K bytes of memory have 
been reserved for program instructio
ns. 
The rate of conversions depends o
f course upon the execution time 
of this program; therefore, dur
ing the actual data acquisitio
n 
process, the program that was use
d. did not have the comment lines a
nd 
it looked like the following : 
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COUNTER•O 
LOAD CONTENTS OF 
CHANNEL 1 TO 
FIRST+ COUNTER 
· MEMORY LOCATION • 
tNCREMENT COUNTER 
NO 
.___
-4 RUNNING TlME>Tc? 
YES 
PRESS ESCAPE KEV 
Ir 
-----
STOP I 
h:: DURATION Of EVENT BEING STUDIE
D 
T~ MAX.: 210 SE.C. 
Fig. 3.5 Flowchart for data a
cquisition program. 
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1 AaO 
2 LIMCJ!096•.l)•fJD0001AsA+1 
3 001'02 
ffotioe that unaocoo11u7 1paco1 bno bHa olia.lnl tod. 
111.tb this prog1"1111, a rato ot conHra.ion.a or approdutolJ 37 data 
po1nta por oocond v•• achicrrod .. 
For oaoh Joint aovoaont tboro aro alx data aourcoa tbat voro 
doaJ.rod to aonltor : tho tbroo acooloromotera, and tho voltagea to 
aotora in Joints 1,2 and 3. lt vould have beon comenlont to uao aix 
obannela or tho AID Converter board at the amo tiao, but that would 
have implied to have aore inatruot.iona on tbo data aaquia1Uon 
prograa, therefore demanding a longer execution time and producing in 
conaequonoe a deoreaae in the rate ot aonveraiona. 
The rate or 37 data points per eecond was just. enough to keep track 
of the signals, and a reduction on this conversion rate waa 
undeairable. For example, when using obannela 1 and 2 1n the same run, 
a rate of only 25 conversions per second was achieved tor each 
channel. 
Surprisingly enough, it was round that using channel 2 alone 
instead or channel 1, only 33 conversions per second were achieved. 
Therefore, it was decided to use channel 1 only and make several runs 
of each robot Joint movement to acquire the data of all the variables 
of interest. Since execution or a VAL program produces the same move-
ments in the robot on each run, independent measurement of each 
variable was possible. 
3.3.3 Data storage program 
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Attor oncutton or l.b• uu aoqulattton Pf
'O&t'u, tho di.ta aro 
atortd 1c a..-,, NOil amct7 udrNO corraioo
ana to ono data point.. 
To trautor Ulo dtlA tKII DilllOf'I to 1.bo ta
po rocordor two tbinp bad 
to bo couldorod: 
1) 8o1ng an I blt dov1co 1 tbo A/D Conertor b
o1rd produooo a11 
ovtput rangina rrort o to 2S5 U.at. rorrONnt
a tho Yoltap lwola t.b11t 
tho board 11 actually Nulna. Tbla outpu
t bad to bo pro-acalod to 
ba,o aa out.put. on tho temJ..aal that cllroc
tly NJll'Ulnto tba var.iabl.ea 
being 11oulD"od ta oomom.ent. Lill t1, t.bat 
1a, a•• tor aoool ora t101u1 
(1 a•9.8111/aoo2) and volt.a tor voltagea. Havin
g tbo di.ta output in 
tbat wa, it aade oaator to ooepare tbe digi
tized output vitb the iaqo 
ot tho out put recorded on the acreen or 
an oacllloaoopo that was uaed 
tOI' ooapariaon. 
ii) The output had to be toraated to have a
 oard-image aet or data, 
with 8 right-Jwstitied col1ana per line,
 to facilitate the dumping or 
the data to tho mainframe computer (the Cyber 730
) tor analysis. 
Figure 3.6 ia the flow diagraza of the dat
a storage program. A is a 
counter or the number of data points
 that are being retrieved frail 
memory and recorded; B is a counter of t
he nmber ot data points per 
line; C is a variable that is going to c
ontain the data points, one at 
a time; Nd is the number of data points 
that is desired to record. 
To determine tbe constants appearing on
 the box named "output pre-
scaling", the following analysis was ma
de: 
The A/D Converter board was calibrated t
o work with signals ranging 
fran -5V to +5V (section 2.2.2.lJ); therefore, in 
theory, an output of 
zero from the A/D Converter board wo
uld correspond to -5V, and an 
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AaO 
C • CONTENTS OF 
FIRST+ A 
MEMORY LOCATION 
OUTPUT PRE'-SCALJNG: 
C•IC-123)•200/51 
Yt.s 
PRINT" ____ cccc" 
No 
PRINr• _____ ccc" 
,------,yur--~~-
STOP 
Yes B:& No 
Nd:NUMBER OF DATA POINTS TO SE RECORDED 
Fig. 3.6 Flowchart for data storage program. 
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out.put ot 2S5 would oort'ffpond to •51& t.bo ovtpvt tor • 1oro vol t110 
lnol t,ould tblD bo 121 • 
On tho otb1r bud• tho roaolutlon or t.ho AID Cotwortor ia or ,o 
aUllYol ta [10], t.borororo a ,1r1at1011 on tho out.put or tbo AID 
tomorter bJ • unity ropruonto an actual nr1aUon ot - e1nt1volta on 
tha IWOI atgnal blin& d1gltlzod. 
It c ros,reaonta tho output tl'OII tho A/D Convert.or. to •oalo tb1o 
output to ba,o a ru.dina in cont1,o1t.01 tho inatruotton neodod would 
be : 
Cs(C•127)'11 (3.3) 
To prove tbo validity or tbia relationabip, a a1gnal varying 
gradually tro• •SY to +SY vae applied to obannol 1 or tho A/D 
Converter board, witb the reaul.ta ahown in table 3.1. 
As it ia seen on table 3.1, an output or 123 instead ot 12'1 waa 
obtained tor the O volt level, tberetore, equation 3.3 bad to be 
changed to 
C=(C-123)•4 (3.4) 
Doing some more experimentation it was found that using a gain or 
200/51 instead or 4 in equation 3.4 gave a more aoourate measurement 
of the input. Therefore, the relationship used for pre-scaling the 
data on the data storage program was 
C: ( C-123) 1200/ 51 (3,5) 
The outputs obtained with this equation are shown also in table 
3.1. Notice that with this pre-scaling the digitized output will range 
from -500 to +500 (centivolts). 
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DffVT 
(Volt•) 
-s.ooo 
-11.500 
-4.000 
-3.500 
-J.008 
-2,508 
-2.008 
-1.506 
-1.005 
-0.505 
0.001 
0.507 
1.000 
1.506 
2.000 
2.504 
3.001 
3,500 
ll.000 
ll.500 
5.000 
Tw.B 3.1 
CUTIUT 111-SCU.JIO 
AID COIVERtER c. cc-1211•• 
OUTFUT (C) (oontJ.volta) 
0 
-sos 
9 -1172 
22 -lf20 
3. 
-372 
1'1 
-320 
60 
-268 
72 
-220 
&; 
-168 
98 -116 
110 -68 
123 -16 
136 54 
148 811 
161 136 
174 188 
187 2110 
199 288 
212 3110 
22li 376 
237 1128 
250 "~ 
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Ca(C-123)'200/51 
(oont.ivolta) 
-If&! 
_,..., 
-396 
-3-9 
-298 
-2•1 
-200 
-1119 
-98 
-so 
0 
50 
98 
149 
200 
250 
298 
349 
396 
1147 
4.98 
ltkr UJo Fl'o,.,-1.ltta or tho output, Ulo ntxf. swari. or uao progru 
11 an 1l1orlt.bD Lo ft"Oduoo an out.put v.1\.b o1&bt rl&bt-JuoUtlod 
COlUIIU por lJ.m AO rcqu.lrod. 
1bo proa;ru onda wtlon t.ho ctoairod numbor or di LI pointa. lf4, bavo 
boon roc:ordod. 
Tho BASIC 1tato11ont.• that aado tho data atarAP J'll"oSI'• voN U:10 
following : 
5 REM llflTW..lZR Q)lftltER OF HUtm!R OF Rm>R1l£D DATA 
10 AaO 15 REM llflTW..J%E COUNTER OF HUtmER OF DATA PER LlHE 
20 BaO 
25 REH RB1Rl!YE ONE DATA IODfT 
30 Caf(~g6+A) 
35 REH OUTl'UT PR&-SCALJHO 
•o Ca(C-123)1200/51 
•s REH OET EmHT RIOHT-JUSTIF1£D COLU!tf S PBR LDIE 
50 II C(O 'IHDl 90 
60 IP C( 10 'IHEH no 
10 IF C<100 fflEN 130 
a> 0010 120 
90 IF C)-10 'llfEN 130 
100 IF C)-100 'IJIEN 120 
110 •(4 blanJca}•;PRINT C;OOTO 150 
120 1 {5 blanks}•;PRDfT C;GOTO 150 
130 •{6 blanks}";PRINT C;GOTO 150 
140 •(7 blanka} 1 ;PRINT C; 
1115 REM INCREMENT COUNTER OF NUMBER OF DATA PER LINE 
150 B:B+1 
155 REM INCREMENT COUNTER OF STORED DATA 
160 A::A+1 
165 REM IF NUMBER OF STORED DATA = ND STOP 
170 IF A:400 'll{EN 210 
175 REH IF 8 DATA ARE ALREADY IN A L.mE MAKE CX>UNTER B:0 
180 IF B>7 THEN 200 
185 REM TAKE 'IHE NEXT DATA K>INT 
190 GO'IO 30 
200 PRINT:GOTO 20 
210 STOP 
Both, the data acquisition and data storage programs were edited 
and saved on a cassette tape. 
3.3.4 Aoquiring the data 
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.ltkr IUlfUll intoN:OnnootOd tb•
 dlttffifflt CODllODIIAto or uao
 ., .... 
u tad1utod 1n t.tpro 3. I aa
d do.tcribld in toraor Notloo
a, Ulo 
a,at• it r•clr to portora lbo ao
qw.llUon 1Dd otor• cl me.. 
tho otoPD aocoua17 f«t tho acq
uiu.Uon or dU.1 ot oa.ch ono or
 tbo 
H.rJ.abloa or :.tfttoroat aro tho 
tollw.tnai 
Stop h Pui all tho coaponon
ta Olf and 1ait:hl.tso tba PU
H.l robot; 
Cao rotorooco 12 tor prooodu
ro). 
Step 2: Typo 
LOAD JOlHTn (na1 ,2 or 3) 
on tho robot' a tendMl and tb
ea prua tho return koy to tr
anat'or 
the progru to exeoute tra
a the floppy d1ao to the robo
t oontrol-
lor. 
Step 3: Type 
S.PB£D !iO 
to set the robot speed to a 
low value (l:IOj). 
Step II: Type 
EXECUTE JOlNTn (n: 1,2 or 3) 
and press return to execute
 the program once. 
Step 5: Set the speed of the
 robot to 1 O()j. 
Step 6: Load the data acqui
sition and data storage pr
ograms from 
cassette to the ZS Basic S
ystem Controller. For doing 
so, put the 
cassette in place, ~t the 
tape recorder to the ON-LI
NE mode and 
press the READ button. Af
ter the programs have been r
ead in it is 
necessary to press the retu
rn key on the terminal con
trolling the 
data acquisition system to m
ake the CPU ready to run pro
grams. 
Step 7: Type 
64 
ma,n ft (c•1,2,J,oto.) 
on tho robot• o i.orotul to aako tho robot ru
dr LO ououc.o H.o 
Pf'OP'ill •n• UIIID (C••1 OIWNUI OlOCllt.iOD or tho Pl"O
lt'iill untU tho 
CODDlnd •uoar- ,la oatorod on tho robot•• tvaJ.n
ol, ao rotoronco 
12). 
Fol' uaia appUco Uon, n• 1 vu uod. 
Stop 8: Typo 
RUJt 
on tba toraJnal controlling t;bo data acqu
l.altion eyatcm and prua 
tho return key to begin t.he acquJ.aition or 
d&ua. 
Step 9: Sillultanaou:sly, or right arter atep 
8, pc:-oaa tho return Jcoy 
on tho robot'a tenainlll to begin exoout1on 
at tbo robot movaaont.. 
Tbo robot will atop atter its srogrm bu bee
n executed n tiDOs. 
Step 10: 5 to 10 aeconds attar tho robot ha
s atoppod, proaa tbe 
escape key on the data aoq uisi tion te
rminal to tJ.niah the 
oi:eration. 
After these steps have been accomplished, 
the data will be on the 
system's memory and will be ready to be tra
nsferred to the tape re-
corder. 
3.3.5 ReoordiD& the data 
To dump the data from the system's memory 
to the tape recorder, the 
following steps are necessary: 
Step 1: Set the tape recorder to the OFF-L
DIE mode. 
Step 2: Press the WRITE but ton on the ta
pe recorder. The light 
under the button will go on and the tap
e recorder is ready to 
record. 
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Sl•P 31 t,otiol Ult dlLi •swuii bJ 
tJftlftl om er aot'O rmut UM
a. 
Arter tJmmlnc &.Jr,t •a• vhllo ttoldJn« lbo 
motrol (C'fat.) 01 dCNn. 
!hit vJJl utablJlh fl •Jarotlo
n bollfHn lbo l1bol w dl&.L 
sup •= ,,. ... tho VII?£ but.ton. 'Ibo 1
1-t vill go orr. 
Stop 5: Sot t.bo tapo racordor blo
t to OJf•LDII oodt. 
St.op 6: Typa 
GotO lO 
on tho data aoqu1A1Uon torain
aJ.. 
Stop 1: Proaa tho Vilt£ button.
 
Stop 8: Proaa tho return key on
 tho torainal to run tho dat
a ot-
orage proga. 
Step 9: Atter the desired nmbc
tr ot data pointa have been r
ecorded 
(aee line 170 or the data storage p
rogram), execution ot tbia 
program will atop. Then type 
•s• while holding the Cl'RL key down to
 
establish a break between thi
s set or data and the followin
g. 
Step 10: Preas the WRITE butto
n to tiniah the reoording. 
After execution or :step DW
llber 8, the data will appea
r on tbe 
screen of the terminal with e
ight right-Justified columns p
er line, as 
it is being recorded on tape. 
It one desires to look at the
 data at the terminal without
 record-
ing than, steps 6 and 8 are th
e only steps necessary to be 
executed. 
3.4 Data re~ieval tor analysis
 
For analysis or the data th
e Cyber 730 was used. Connecte
d to the 
Cyber there is a TECHTHAN 8
4000 DATACASSETTE tape reco
rder whose 
operation is similar to th
at of the tape recorder use
d for this 
project. 
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To l01d Ula dlt.a lnto ibo C,blr, 
tao roUodf'C it.op, •ro r.tHiOtd : 
St.op h lator Ulo 1nt.oraou,o t.o
xt od.ttor aodo or tbo •10,,a 
(SDIAJOI) 
Swp t, t,eo 
111.11, J1TA1 ( J1TA1 J.I an oxuplo or di
 ta tilo nuo) 
Dl'VT 
Stop 3: S•t. t.bo t.apo recorder to t
.bo OFY-LD1£ DOdo. 
StAp , i Pr••• tho READ but ton to
 dJ.oplay tho da ta label 1.ng 1 n 
tho 
tora.lnll. 
Stop 5: Sot tbe tape recorder back
 to the 00-LJJII aode. 
Stop 6: Reaot tho tera1llll by pru
sina tho tollowing key aeqmnco
 : 
SET UP,SET UP,RET. 
Step 7: Preas tho READ button
 to d111p tho data. 1be data vil
l be 
displayed on the tol'lllinal as rec
orded, except ror tho 5 to 10 ti
.rat 
lines whiob will appear •oonta
mina ted• vitb moaaagea that th
e 
computer is sending to the termin
al. '!'hat will not af teat tho dat
a 
loading. 
Step 8: After the data have bee
n loaded, preaa the following
 key 
sequence on the terminal : 
SET UP, SET UP, RET, ; , BET. 
That will reset the termina
l to the interactive mode and
 the 
SENATOR prompt (t) will appear. 
Step 9: Type 
LIST 
to review the data. 
Step 10: Save the data by typ
ing 
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SIY.L 
Vi\b Ud..lt UIO dlia vJll bO 11tod OD Ul• a&lnl'r•• coaputor ., ..... 
tor turtllor •· 
To QIII tbo data 1a an aa&lJal• progru, tvo atatt11ont.11 auot l»o 
inaludld in tho pro,• s 
1) no tJrat otauaont or tbo prOIT'• lhould look u1eo: 
PIOORAN JOD'fl (lllfUt,OJTfUT,J1TAt 1 1'1Rt1•J1TA1, TAf£2aCUTfUT) 
llbctrt J1TA1 la auppoDOd to be tho nu• or a Jl'Cl'tiOUalY •ved data til• 
and JOJIT1 11 tho maa or an aaalYsi• prograa. 
11) Atter tho dl•nalonlna stataenta, tbo tollow1n& 11M ahould bo 
included : 
R&llHD1 
Vit.b this, tho data aaved can bo c:onaiderod Jwst aa a card deck or 
di ta with an 18 format. 
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C:Ul'l'II ' 
DITA JI.ILISIS 
'Ibo tirat. pirt ot Ult• choptor daA
l.u wJUt Lbo do l41Uod dot 1nJ U
on 
or t.bo aouo,u, th1t tho robo
t wao to acooapl !Ab. Tbo cr111
Uon 1nd 
plottins or tho dllta ruoa tor 
oacb ono or tho varhbloa or i
nt.Groat 
in oovored next.. Tho aocolorat1
on data 1nalyait1 la aocoapU.aho
d ht.or 
and ti.mlly a relat.1onah1p botw
een torquo and volt.ago in tbo
 Joint 
aerva:aotors ia developod. 
• .1 Robot aots.ona 
As waa explained in ~ragraph
 3.2.1, the robot waa aot to pe
rfora 
three kinda of mot.ion, oaob o
ne conahtins or rotation or
 on& in-
dividual Joint, with the 
end ertaotor moving along a
n arc of 
circumference. The reason for h
aving the robot perform .such mo
vements 
was that thi.s allowed to obtai
n meast.rments or tangential an
d normal 
aooelerations of the end effec
tor, which simplified consider
ably the 
analysis of the data. 
Figure 4.1 shows the definitio
n or two coordinate systems th
at will 
be used to explain the movem
ents performed by the robot. T
he coor-
dinate system fixed in the r
obot arm base is called th
e world 
ooordina te system. The referen
ce coordinates fixed to the ba
se of the 
end effector are called the to
ol coordinate system.· .Notice t
hat capi-
tal letters have been used to d
esignate the world coordinate s
ystem. 
Joint 1 movement consisted of 
a waist rotation around the Z
 world 
coordinate axis and parallel
 to the X-Y plane of figure
 ~.1. The 
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z 
Pig. 4.1 Coordinate systems. 
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aootltratotu couatod Aloq tta, y tool coordiut.o cUroot:ion -,aa, to 
DDUll'O tlrtpat.111 ACODlOl"AUon ... the or.o aomtod MO'!I lbo x 
diroo-
t10D vu to noulll"o r.oro&l acoolorauon. PJJotoar•-• a. 1 11nd a. 2 Jo 
rappocd1z D uov tho inltlil ud r1m.1 poalU.ona ot tbo robot ara to
r 
UU.o cot.ion. It ia noooa117 to noto that pbotosrapb a.2 vao takoa 
troa I poattion about. 90 dogrooa cloolo,t.111 ttGJ mo poaltloa J)bot;o.. 
arafb B. 1 wu iaan. 
Joint 2 aovo.aont coaa1atod or a lhouldor rotat.iol\ around tho 
t 
vorld ooordim to &xi.a and P1r&llol to tho x-z plano. tho aacolorc
aotor 
aounted along tbo z tool coordinate axia aouurod tangonUal &aO
lllara-
tiona and the one aountod along tho x axia aoaaured noraal 
aocolerat1ona. Pbotographa B. 3 and 8. • 1n appendix B ebow uio 1n1Ual 
and tinal posl.tior:us or tho robot. ana tor thia aotion. 
Joint 3 moveaent oonaiated or an olbov rotation around an axis 
parallel to the Y world coordina to axia. the rotation vaa partorme
d on 
a plane iarallel to the x-z plane. The aooaleroaeter mounted alon
g the 
z tool ooordina te axis measured tangential aooelerationa an
d the 
accelerometer on the x axia measured normal acoalerationa. Pbotog
rapis 
B. 5 and B. 6 show the initial and final positions of the robot arm 
for 
this motion. 
The distance between the accelerometers and the axis of rotatio
n 
was measured, since it will be needed later when integratin
g the 
acceleration data to obtain angular velocity and displacemen
t. The 
radii of rotation measured were as follows: 
Joint 1 rotation : radius = 0.830 m. 
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Joint 2 rol.lUoc I rl41u ii o.QO a. 
Jolni, 3 NAU.Oft I rildllil • O.JJJ a. 
,.a Data ru .. 
For otcb robot aou.on a t.oi&l ot r1,o ••riab
loa voro aoaall'od , 
tangont-1&1 and noraAl aooolwation, -lflCI 
,o1t.1p• 1;0 aotoro in J011to 
1, 2 Md 3. 'Dao pnoral rroooduro tor tak
ing tbo dil ta vaa tul ly ••· 
pJ.a.tnod :ln cb1ptor 3. Vbat 1• lcrtt 11 to 
tabW.ato tile mae 1.lfon to 
oacb data filo aDd tbo p:1aa WNd in t.bo
 buttora tor ••ob ono or tho 
aoaaurODonta. Thia .intoraaUon ia gt.von
 ia tabloa 4'.1 and ,.2 .. Alto 
inoludld in tboao tabloa 1a tbo 1111110 ot 
tho PORTRAB prograa uaod to 
plot tho variabloa. Tbe pin value.a t
abulated vora detoraiaed ex-
poriaentally a1aur1ng tbe output vol ta
go tor prodo teratnod input 
voltapa and oaloulatiag the output-inpu
t ratio. 
A low outorr trequenay ot 20 Hz. vaa ao
t in the rutor tor all tbo 
maaaW" ementa. 
Appendix C oontains plots ot the variab
les aeaetred and in appendix 
D photographs ot oaoilloaoope stare
d images ot tboae variables bave 
been included tor comparison. 
In the plots shown in appendix c, t
he initial position for each 
rotation (location PART) is indicated with 
a letter A; the final 
position for each rotation (location .ros1) is indicated wit
b a letter 
B. As it was pointed out earlier, the 
programs used to move the robot 
made it go from looa tion PART to loc
ation R>S1, rmain in that loca-
tion for a period of time and then mov
e back to looa ti.on PART. 
72 
DI\TA nLE 
J1TA1 
J1lf01 
J2TA1 
J2NOt 
J3TA1 
J3N01 
TABLI ,.1 
ACCILDlTJDI DI.Tl m.&'S 
l'£SC81Pr1Dlf OADIS 
Jo1nt 1 rot.au.on 3.991 TupntJ.11 aootl. 
Joint 1 rotation 3.99'T »oraal acODlorat. 
Joint 2 rotation 3.997 TangeaUal aoool. 
• Joint. 2 rota tlon 2x3.99'1 Nol"aal acoolorat. 
Joint 3 rotation 1.000 Tangential accel. 
Joint 3 rotation 3.997 ffoMlal aocelorat. 
R.OffDO IICDRlK 
J1TM1 
J1UOR1 
J2TM1 
J2NOR1 
J2TAR1 
J3HOR1 
• Two differential amplifiers were connected in aeries. 
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TABLI -'•2 
ID101 YCLTMII DlTA FD.a 
I 
DATA FIJ.B lESCRIPl'lOH OAJHS R.01TJNO FBQJRAH 
J>IFF. AMP. 1 DIFF. AHP. 2 
,\ 
i. 
J1V01 Joint 1 rotat1on:voltago 3.997 o. 7111 Jtva.1 
to aot.or in Joint 1. 
J1Y02 Joint 1 rotation:voltap o. 7111 1.000 J1Y<L2 
to motor in joint 2. 
J1Y03 Joint 1 rotat1on:voltage 3.997 1.000 J1V<L3 
to motor in joint 3. 
-.:a 
.f:tf J2V01 Joint 2 rotation:vol tage 3.997 0.1111 J2Va. 1 
to motor in joint 1 
J2V02 Joint 2 rotation:vol tage 0.714 1.000 J2V(l,2 
to motor in joint 2 
J2V03 Joint 2 rota t1on:vol tage 3,95" o.11~ J2VCL3 
to motor in joint 3 
J3V01 Joint 3 rotation:voltage 3.9gr 0.1111 J3VCl, 1 
to motor in joint 1 
J3V02 Joint 3 rotation:voltage 3.9gr 0.714 J3VCL2 
to motor in joint 2. 
J3V03 Joint 3 rotation:voltage 3,997 o. 7111 J3VCL3 
to motor in joint 3, 
* See figure 3.11 
FOIM" hUAVM ALI ~lnta vuo .,. Oft OHD 814 ruo. tbb c111b1u~ 
oi,l&ld &NI clUUfllld Ju.n bf IOdU)1CC UM no ol' UIO GIW atorqo proa• 
... (1-1cUoft 3.3.3). It 11 DOCIH81'f \0 noto ILDAt vhll• aoqllln.111 UlO 
dltl ror Ult Yll'.lablu la vb1c.b tvo dJ.troro,n.l&l up11r1or1 vitb • 
pio or • voro ooanoe\.Od 10 •rtoo, oq1DUoa 3,S (aad uu .. ororo 11.DO 
,o 1n Uso di ta atorqo rr••> bid t.o ba ct:uu•d to 
C.(C-13*)'200151 c,.1) 
In ge111ral, tor t'uture uo ct Ulo arat•, H, 11 rooo•aondod tbat 
doteraination or tho pre-acaling nooeaary to obtain a aoro o~put 
oor,..apondJ.ng to• zero input voltage to tho A/D Cowort.r bo aado 
vitb all tbe needed buttering oonnootod to t.bo ayat.ea, ainoo tho 
proaenoe or ditrerenti&l aplUiera aeoaa to aod1ty the pin or tho 
ayatea. lo any oaH. all that 1o noooaary ia to change tho constant 
insf.oo the i:arentbea.ia in equation •.1 to the appropriate nuaber to 
11alce a zero input asree vith ita oorreaponding output. 
11.3 Aoaeleration data am.lyaia 
Once having the tangential aooalerat.ion data tiles it waa required 
to perform nmerioal integration to obtain velooi ty and, by means or a 
second integration, displacement. 
Since the motions accomplished by tbe robot were all rotations, it 
was considered appropriate to obtain angular velocity rather than 
tangential velocity, and angular displacement was calculated likewise. 
The procedure followed to perform the integration was to use first 
a numerical interpolation subroutine to obtain a cubic polynomial 
representing the acceleration vs. time function between each i:air of 
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ditl roiou •• tbOG to U.00 A
D or4.l.mr, cUtt ... U
Al tqUIUOA IOlffr
 
~
•• l4 aoCX111plJlil th
o intoarau.oa. 
ftpro -.2 :lo a tlCIII c
U.1,11'• ot I.ho dACA Om
l)'ol.O P"OII'•• 
'Ibo :lntorpolaUon aub
routtno, IOB!ICU [ UJ, p1rt
orlia ollll-diaoaaloftll
 
qmat-cubto Jloratto ia
torpolation. It coa,
uto• tho coott.ldont• 
tor • 
•t ot cubio polycm
iala Crotorl"Od aa qra
ll-Uoraite apUm) to bo
 a.Nd 
to intorpolato a at o
r pointo traa a o1na
l• Y&luod tuaction. 
Tb• 
quat-Jforaite 1plino 
,roduoad ia conunuou
.a and bu c:onttnuou.o
 t1rot 
dor1,au,o. tho cubio
 poly.nardal roproo,ont
in& tbo aoooloratio
n tuna• 
tton botveon oaoh 
pair ot given po1n
ta ia detorainod by
 tbo 
coordinatea ot tho t
wo points aad tbe a
lopoa at tho tvo 
points. The 
alopo at each point 
ia detel"llined by the
 point in quaat.1011 a
nd the two 
point a on oi tbor al.d
e. 
The inputs tor tbia 
subroutine are: 
T = Veotor ot time a
tapa. 
ACC = Vector conta
ining the aooelera
tion data points 
CH points) 
The output or thia
 subroutine gives 
an approx:1mation po
lynomial 
that represents the
 aooeleration funct
ion at time Tr as: 
Where 
S(Tt):((C(I,3)10 + C(I,2))1
D + C(l,1))1D + ACC(I) 
(4.2) 
I:1,2 , ••• ,H 
C = Spline coef fi
oients matrix, o
f dimension N by
 3 
( cal oula ted by the subro
utine). 
D = Tf - T(I) 
(4.3) 
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READ DATA 
' 
CONVERT DATA 
TO S. I. UNITS 
DATA/PROO. OF GAINS 
CALL 
INTERPOLATION SUBRT. 
• 
CALL 
QO.E. SOLVER SUBRT. 
PRINT ANO SAVE. 
RE.SULTS FOR 
CURRENT TIME. (T) 
T =FINAL TIME.? 
Yes 
PLOT RE.SULTS I 
STOP 
Fig. 4.2 Flowchart for data ana
lysis program. 
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Tho nvaorl0tl iatovatt
on 1tNlt vao portoraod
 ualog oUbrouuoo 
war (15J. 'Dli• oubrouuno t1a
d.o 1pp-D11a1ttou to tta
o ooluUon or a 
a,ot• ot I.I.rot ordor d
ittoroot.lal 14U11 t1011 o
r tho fora Y'•t<x.1) 
vlt.h .tn1t1al condJ.Uou. 
11 ootU.na om or J.t.o pa
r•ottra UJfD) to 1, 
the unr nood onl1 prcw.
tdl :rar•otora to doacribo
 tbo probl•J •••r,· 
thlog ol• 111 dom autma
UOllly b)' tbo aubrouttno
. 
Tbo oo t ot ord1Dllr, cU
ttorontial oqm t.lona tba
t wu aol \'lld vaa tho 
tolloving: 
where 
t 1• • Y/R 
r1 = An
gular diaplacoaent 
r2 = T
angential velocity 
(4.5) 
S(Tr) = Aparox:1.mation poly
nomial tor tangential 
acceleration 
at time Tr, as given by
 equation 4.2 
R = Radiua or rotation
 {section 4.1} 
The initial oonditions
 used were : 
Y1(0) = O. 
Y2(0) = O. 
Table 4.3 lists the analy
sis i:rograms. 
The results given b
y the analysis irogra
ms for each joint rota-
tion are shown in fig
ures 4.3 to 4.5. Figu
re !i.4, which correspon
ds to 
joint 2 rotation, shows th
e analysis of the mo
tion fran looa tion PAR
T 
to location ros1 only. 
78 
ACCEL • lH/SEC/SECJ 
-,2.000 -,.ooo -,.ooo .. 3.000 .ooo ~.ooo 
,.ooo ,.ooo 12.000 
• I 
... '-
... 0 -4 . _. 0 
• 0 z 0 
• -f 
• 
w 
-
N 
' 
C. • 0 0 ::0 0 n ,... 0 n 
:, 0 
rt 
-t 
.... 
,,, ~ .-., - r-\0 .., > :r l'D 
-{ f11 c.l 
... 
. 
C 
0 ~ 
,.. 0 -
rt 0 
Cl) 0 
(/) 
f11 0 Ill z C') 
:0 
rt .... 
.... 
0 > :, .;. 
2 . 
Ill > 
0 
;, 0 
Ill r 0 
... 
-< 
'< 
Ill Cl) f'Tl 
.... 
-
(I\ r 
Ill . . 
. Cl) 0 
0 
0 
-2., -1.8 -1.2 -0.6 .0 o.r, 1.'2 l,S 2.~ 
0) 
. ANG. V£L. (RAD/SEC) 0 
0 
0 ANG. DISP. (RAO) 
I 
• 
• 
§ 
• iO 
-
§ 
C,) • 
IIJ 
,., 
Cl) 
' C,) &IJ g Cl) 
i: 0 . A 
-
• 
_, 
&IJ 
C,) 0 
c.) 0 
< 0 . ,., 
I 
0 
0 
0 
. 
'° I 
0 
0 
0 
. 
OI 
I 
,000 
-u 
bJ 
II) -
..... 0 
Q <( 
ct 0: 
8 ~ a: 
' 
Cl) 
-' w C 
> C!l 
<!iZ 
z <( 
< 
/DISP . 
1,000 2.000 J.ooo ~.ooo S,000 
TlME (SECJ 
JOINT 2 ROTATION ANALYSIS 
Fig. 4.4 Joint 2 rotation analysis. 
80 
~ 
-
N 
• ... 
q 
~ 
0 
I 
"! 
-I 
cl), 
-. 
6,000 
I :: . 0 r, 
§ 
o . 
.,z 
. 
I 
-
§ 
0. C.) . N 
-
LIJ 0 
u u, 
... 
w_ 
' u,c 
C,) 
~ 8 act <t= s: . A A 0. O:a: w 
-Cl) 
.J-' u,C -' 
> c.!S 
LIJ (.) 0 
~~ C,) 0 0. < 0 . 
N, 4: 0 
-I 
0 
0 
0, 
0 
-4 
. 
0 
I N t 
0 
0 
~ 0 . 
I 
0 
rt> 
I 
.ooo 1.000 2.000 J.000 .c.ooo s.ooo 6,000 
TIME (SEC> 
JOINT 3 ROTATION ANALYSIS 
Fig. 4.S Joint 3 rotation analysis. 
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TAILI ,.3 
ACCILlllf.lDI DlTA JIALDD .. QJIINI 
PIOlRAH IIAttt DATA FILE OAJU lli\TA fODTS llll TA R>DITS 
FL0t1ID CALCULATED 
J1NIAL J1TM 3.997 221 5g; J21JUJ. J2TA1 3.997 170 s,; J3AHAL J3TA2 ,.ooo 205 556 
HoUa. that tho acalo tor Uta ansulAr volooity and d1aplaooaont 
ourvoa ia rive Uaa tho acalo or the aooolorat.1on ourvea. 
The tangential acooloration ourvea proaont poak:s (nmbered 1 
throush 4 in tho corresponding plots in appendix C) whioh apparently 
aro produced fOl' 80IDO kind or mook-typo diaturbanoo at the beginning 
and the end or oacb rotation. This ia p-obably due to some Jerkineaa 
in tho movement or the robot arm. For t.bia reason, p-ior to the in-
tegration of the acceleration curves, some •attenuation'* of those 
peaks was made to reduce their influence on the velocity and displaoe-
ment curves. The reader can appreciate the changes made by comparing 
figures II. 3 to II. 5 with their corresponding counterparts in appendix 
c. 
Considering the physics of the problem being studied, the following 
conclusions can be drawn : 
1) The velocity curves agree with the fact that they must be zero 
during the period of time in which the robot comes to a rest, that is, 
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ta lonLt.011 t10St (,oiot I tu tJ.prn ,.,1 to lt.5) tor Uao torwons rotation and 11 lOOAUon MIT (polat &) tor Uto ttal poalUon. Tbo Toloo1t.J ourYu abav .tn ao•ral Uuat Ulo robot aoocalorato# to roadl a ndNI •llOod aod Uloa dlcolorat.o unt.ll it ato11. 'Ibo poafca tbac. tbo our,oa Pf'ONnt at tho bopnnlag and noar tbo oad or uoh Jo1nt rotation aro • direct oouoq .. noo ot U:ao d11turbluacoa aonttoaod atio,o and lhot&l.d bl conaldoNd aacord.lngly Vhon aaklq tho coas-,riaon. nu. prograa u.od to aowo Ulo robot. aoaorat.od Jo.1.rit.•intorpolated aoUona Caeo retoronoe 12). For tbia kind or mt.ion, ua11111ng it ia larp enough, each Join~ 1a aoceloratod to a aonat.ant apeed. aoved at that apood, and dtooleratod to its final p>aition [12]. 'Ibo velooity curves agroe with this tact, it tho pealca JIC'oduoad by the d1aturbaaoaa are 1snorod. 
11) Tho diaplaceaent ourvez, abow the following ; For tbe Joint 1 rotation the curve !hows an angular displace-ment that goes trom zero to 1.32 radians (76 degrees), while the aotual motion performed by the robot waa about 85 degrees. Apparently, the reason tor this difference is the presence of the peaks mentioned above. 
For the Joint 2 rotation case the ourve shows an angular dis-placement that goes from zero to 1.52 radians ( lr7 degrees) which is very close to the 90 degrees the actual rotation consisted of ( see photographs B.3 and B.4). 
For the joint 3 rotation, the curve shows an angular displace-ment that goes from zero to 2.1 radians (120 degrees) which agrees 
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wltn Ibo Actual rouUon portc,aiJIS t,J uao robot f ooo pbotoira,a, 8. 5 
Md a.G). 
Ubon t.ho robot cilOptrta trm looatlon FUT (point A 1n ttauroa II. 3 
to ,.s) tbo curftl llbou tbat 1t tpparonUr COYoa a mill angle t.a,1-NS 
Ulo oppoolto cliroctlon lt vu 1ntecdod to. and t.bo OUDO \bing 11 aoon 
at tho boglnalng ot Ulo rotation back to point A. Thia ia aloo a 
OOJUlll(luoaoo or tbo poalc:II pruoat Jn t.bo acooloraU.on ourvoa aQd lhO\lld 
bO troatGd UlcoVilo. 
Elpor111ontal vork uaually in,ol Yoo piaraaotora that. can not bo 
controlled and yot bave ino1donco in tho tinll roaulta that aro boing 
aougbt. In tb1a CIN it ia apparent that t.bo rather mil 1 uount or 
Jerkineaa that waa observed in tho robOt 11ot1ona arteotod tbo ao-
aeleration aeaa1rmenta and oonaoquently tba velocity and diaplaouent 
reaul ts. However, the reasonable agreement observed be tween the 
phyaiaa 1nvol ved in tho problem and tbe experimental reaul ta make them 
a good base of comparison tor the nmerical simulation reaul ta, which 
was the motivation of this work. 
Ji.ta Motor voltage data allllyaia 
Aa it has been mentioned early, the idea of taking the voltage to 
Joint servomotors data was aimed to somehow relate those curves with 
the torque being developed on each servanotor. 
Each member or the arm assembly of the PUMA robot is driven by a 
permanent-magnet de servanotor (2]. 
Figure 4.6a shows an idealized torque-speed oharaoteristio or a do 
servomotor [ 17]. In praoti ce, do machines very nearly approach the 
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Flpro • .6a dtowa An I doll.bod
 torqurt-Apaad ohar&otorJutJ. o 
or i do 
aon-oaotor ( 17}. In ,praoUoo, de aaoh
!noa vor, naarlr •P&r-Nch USo 
atraiabt U.nca charaotorJ.ut.io o
unoa, aUhougb tho oune tond
a to droop 
or .inoroaa,o 1 to alopo in tho
 high torquo rogion a• a rua
otlon or 
aturaUon (18). 1bo oxpruelon tor 
tQOquo glvon in tJ.a,.aro "·6 ia 
T • 'T o10 • K8 H 
0.6) 
nu.a oxpreuion 1a nothing acr
e tl'lan an. eqm Uon tor t.bo ta
aily or 
torque apood ourvoa labolod 
a 1 to 0 11• 
1'lte Cora or tbia oqmt1on 1n
di-
Cl8toa that torque 1a propor
tional to a constant ti11ea
 tbo applied 
voltage and that the curve
 varJ.ea inversely Vitb apee
d. Tbo aooond 
part ot this expreaaton aooo
unta tor tbe decreaao in spee
d; the erteot 
is similar to a viaooua triot.
ion roroe. 
Figure 4.6b shows torque as a 
constant times the applied 
voltage; 
the torque remains constan
t as the angular velocity in
creaaea : tbia 
is tbe KT8in portion. The lower 
part of t11e lower diagram 
shows the 
viscous friction part of t
he motor charaoteristio. Tbe
 graphical aUD 
of these two components 
provides the actual resu
ltant motor 
characteristics. 
F.ran the voltage data acquir
ed it is possible to know t
he applied 
armature voltage e1n of e
quation JJ.6 and from the an
alysis of the 
acceleration data the angula
r velocity N has been alrea
dy obtained. 
The question to be answere
d now is what are constants
 ~ and KB in 
equation JJ.6. 
Figure 4. 7 shows a simplifi
ed diagram of an armature-co
ntrolled do 
motor like the ones used in
 the PUMA robot. This figu
re is useful 
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86 
boCAuoo tt1 d.Ft.iloio blb
ador .Lo t.b.o au ao Uio -n
N.osrod portonwaco 
or do ao"motora t 17). 
Tbo oqU'lUon t• Uto bAct
 oar ,ou.1go 011, la
 (17l: 
1., • back •r ooaatant. 
fl • anaular voloo.1ty. 
Tho tarquo bo1n& developod
 by tbe aotor 111 [17J: 
T • 'ara 
Whero 
Kar a torque constant. 
111 = arma
ture aurrent. 
(4.8) 
For tho armature voltag
e e1n the 
tolloving relationabip o
an be 
written : 
ein = imR + Kml 
Using equation 1'.8 in equa
tion 11.9: 
ein = (T/KmT)R ~ KmvN 
Thel'efore : 
( "· 10) 
( ~- 11) 
Since both K and K T d
epend upon the same m
achine parameters, 
mv m 
knowledge of either cons
tant may be used to obta
in the other and (18]: 
( 4. 12) 
The relationship betwee
n the applied armature v
oltage ein and the 
voltage data is (ll.13) 
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VUh : 
t(t) • mtor voltqe dllA. 
'•P • robOt.' • JOVOr mplJtJ.v pia. 
It vu dlt.oralnld oqer1.11ctaw1Y Utat 1111, • 10. 
Ualaa JA.12 and ,.13 in oquatlon lJ.11, tbo tiu'l ox,roaaton to 
ovalua to tho torque ,a. U• ruactton can. bO vrntoo a• : 
111uu 
T(t) • < 10 r,v<t> ... 1811<t»•1.359 
'T • 0.738 '·"· 2 
18 • o. 738 '• ,,. 
(l. 15) 
1. 359 • convara1on tact or 
Tho uni ta tor eq ua uona la. 1 Ja to II. 16 aro: 111p. ror ourront, volt.a 
tor voltage, radiana par second tor angular velocity and volte per 
radian per second tor tho baok emt constant. The conversion taotor ia 
used to transform the uni.ta or the resultant torque trm lb-ft to N-• 
The motor parameters that are neceaml'Y to know to apply equation 
4.11' are the armature res.1.stance and either the back emf constant or 
the torque constant for each servomotor and tbey could be obtained 
from the motor's manufacturer. 
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fbo nod tor ox·poriaontll
 data to valiclaw tho rooult
.1 or a oao-
putor m.aulaUon or a.n 1nd
uatr111 robot aoUvatod t.b
ia work. 
A data aoquiaition ayat
ea bu boon a11011blod, to1
tod and uood to 
t.aJco aoaaur•onta ot ooao p
byld.0&1 varJ.abloa tOf' purpo
• or 0011P,r!10n 
between tho reaul ta ot tb
a nuaor!Olll aiculaUon and 
tho experilltntal 
reaulta. Rather than aaJd.n
g tbo coapariaon itael.r,
 tho a1a or thia 
work has been to oatabli
ah a working syatom that. 
allowa the uaor to 
11easure, digitize, atore 
and retriove tor analyaia 
aets or nuaorical 
data representing tbe pbys
.1.oal variables. 
The need tor autmated equ
i.Jllllent for data aoqUiai t
ion dictated a 
micrOJrOceasor-based data
 acquisition system traJS th
e beginning of tho 
project and that was the apJroaoh
 used to solve the probl
em. It was 
pointed out the fact tha
t manual extraction of da
ta rran some kind or 
hard-copy record would ha
ve been a cumbersome, ina
ccurate and error 
prone task. 
After having a clear insi
ght on the kind of equi
pment needed to 
accomplish the task b
eing pursued, the selec
tion of each system com
-
ponent was made. To prov
ide the user of the sys
tem with a complete 
understanding of its op
eration a discussion of t
he hardware and soft-
ware of the main compone
nts of the system, namel
y the AID Converter 
and its driving CPU was 
made. 
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In 110Uon tbNO or t.blD Ulod• tbo va, U.o dltfo
ront coe~ntat, or 
tbo oyatu voro put toptblt' v•• ooutdorod tir
ot. Tbo dlta 1.oq\llai• 
tlOD. rrooo•• 11.Nlt w•• oxpli.1DOd IIOXL, troll tbo da ia IO
DOl'&Uoa, 
trautor and ator.qe to tbo di ta rotriowal ror l
.ialJalL 
Tho final aootion io tbo aulyaia ot tbo 
aoqulrod data wbich 
puraucad baaioally tvo obJootivoa : obtain
ing anavlar velocity and 
diaplacuent. trca the tangential acooloratio
n di ta aoqw.Nd and oatab• 
liabing a rolat1onab1p bowoon tho torqu
o boiq dovolopod by tba 
aerYmotora on each robot Joint and the mate
r voltage di.ta aoquirod. 
Tho developod data aaquiaition syatem prov
ed to bo •uaar tr1ondly•. 
nia poaaibility or 1nteraoUon with tho
 ayatea via a CRT tera1nal 
using BASIC inatruotiona ia a major advantage that
 tbo ayatea 
presents. A tew modifioationa in tho BASIC p
rogrm tor tho storage or 
data allow obanging the number ot data po
ints to be recorded, the 
system gain, the data format when displaye
d on the terminal and/or 
recorded on tape. 
It was pointed out that the analog to dig
ital converter chip that 
the system uses has a conversion speed
 capability of around one th-
ousand outputs per channel per secon
d. However, what finally 
determined the speed of oonversions or 
the system as a whole was the 
program used to instruct the system to re
ad what is in the A/D con-
verter chip and save that number in m
emory. For this application a 
program written in BASIC was used for th
at purpose and the highest 
rate of conversion that was possible w
as 37 data points per second, 
using only one channel at a time. This
 dramatic decrease in speed 
90 
uou.ld bo bluod on tbo alw ••
out.ton aptod or BMIC Jl"'GCl'Ga• '
Ibo 
abo,o ••nUonod rato ot coDYoroion
a 1bould bo pod oaoup ror tbio
 
appl1oat.ion, but could bl a aQJcr d
ra11blck tor an appUoaUon 1vcb
 u 
r.i-t.100 control. 
It auat not bo toraottea. ho
vovor, that tho 1yatGG could b
l 
J'll"OSI"•• 1n aaao.ablor language
 vb.ich vould cauao • radiOll 1.a
prcr,o• 
aont in oxooutton apuad ot the d
ata &cqu141 Uoo .sroar•• To bl ablo
 to 
prosr• tho ayatoa in aaaoabler l
ansu•&• a ZS OJ"osa aaooablor t
hat. 
runa on 808> or Z80 baaed doak c
011putera, aucb aa tho JBH PC, ia 
to bl 
uaod. 1bo Mceasaey aottwaro ma
 bo obtained troa tbo aaao a1n
utao-
tW"C" or the Z8 Baaic System Con
troller. 
Tbe analyaia or the aoquJ.rad ac
celeration data ab owed reaaon
ablo 
agreement with the pbya1c:al p
heD0111enon being studied and sho
uld bo a 
good base or comparison tor the
 reaul ta or the ntaerioal al.11u
la t1on. 
5.2 Reoouendations tor turther at
ud;r 
There are several areas that 
could be atudied in more dep
th to 
improve the system capabilities.
 
The data aoquisi tion and data 
storage programs were writte
n in 
BASIC. Assembler language prog
rams should improve drastica
lly the 
speed of conversion of the data
 acquisition system and program
ming or 
the system in this manner 
could be tbe first improvem
ent to be 
co nsi dared. 
It could be possible also to
 imr:rove somewhat the speed of 
conver-
sion by interfacing the system
 with a floppy disc drive ra
ther than 
with a tape recorder, partic
ularly if it were possible 
to obtain 
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OODaualmtlon blblto t.bo two a,atoao •t tbo llipo1t pooaiblo baud 
tAto, U111t 10 19,200 bpa. 
Tho HaaotJ llplnalon BOINI acqu1Nd bu tbroo bfto procramblo 110 
porta providld bY a built-in Itatol 8255l porl-.wal 1ntort1co adaptor 
chip that bno not. boon uod tor Ult. applim tlon but oould bl u,od J.n 
t.bo tuturo to 1ntortaoo w1nt.or1 or otbor oqw.paont w1ua Jar&llel 
COIIIIWll aa tlon roq u1 n111nta. 
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